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MMOR N 1PLIS~LMJ~~I~

Over 110 mari~~ bacteria were isolated and test ed for their ability to oun—

vert D(Y1’ to water-soht)i e products . Forty-seven bacteria were f ound to xxivert

5% to 10% of the 14C—D(1F t i ’  water—soluble products , 38 bact’-r ia solubi liz -I l ess

tha n 5~ of the insecticide , and 29 bacteria were p~~irent1y in~ctive by the test

netbod ex~p1oyed. Mu~~r alternans , a fungus that c’iwE rt~~I D(Y1 ~~watt r-soluble

netabolites at a rate four tut~s greater than the nI)st active nurine bacteri~r ,

was used as a ncdel for determin ing the identities of the wat er-soluble pn d ict

These cx~~ ounds were not [VT, D(Y~, PCPA , or 2-chlorostrcinic ac id and do not an-

tam thlorine. Therefore , previously uncharacterized products represent ing the

nost extensive microbial degradation of DUF yet r~~ort& , are probably fc ’~ i ’

by M. alternans. The hypothesis that nutri ent avai lability was l imi t ing [VI’

degradation was tested with nodel im~rine amiiiinities c) f sea water c~ ntaininq

bottcin sedin~ nts , to which were added eighty di f ferent carbon sourc’ s in a total

of 100 separate treatnents. Water soluble products of D(YF rnetabo l ism were not

det~~ted.

MicroorganisnE were found to be capable of oonvertmq dip ny lnethan , tz~

analog of DUr, to 1,1 , 1’ , l ‘-tetrapheny1dii~~thyl ether , and studies were oonducted

to determine whether microorganisn~ could carry out the s~~m~ reaction with the

D(YF netabolite bis (~ -chlorophenyl-benzhydrol) . Microorqanisn~ able to gr~~ at

the expense of various carbon sources having a structural relationship to DUr

were isolated , and the ability of these isolates to dechlorinate D(YF , its metab-

olites and its analogs was tested. During the isolations, it was noted that

para-s~1,etituted aranatic criipounds were toxic to s~~~ bacteria , even at lcw~

levels , but a f~~ stinulated grcwth of individual bacteria.
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The relationship of ch~nical structure to biodegradability of DOT

analogs was investigated . Para substitution of one of the t~~ aranatic

rings with chloro, nitro, hydr~ cyl , or ~nino groups significantly reduced

the rate of biodegr edability. The nost resistant cxriçounds were tkosE~
with both r ings containing these subetituents .

Pset~~~ronas p.ztida, an organ isni capable of utiliz ing diphenyln~ thane

as sole source of carbon and energy , converted big (~ -chloroç *~~ yl) acetic acid

to bis (~-chlorcp henyl) nethane , 4 ,4’ -dichlorcbenzhydrol, and 4 ,4’ -<1 ichloro-

benzcçh~ one by cxznetabolisn~. The organisn also dehalogenated 4 ,4 ’ -dichloro-

benzohydrol and 4 ,4’ -dichlOrthenZOphe!uie. This is the first retort of such

dehalogenations of r ing chiorines derived fran DOT. PseudcsEx~as p.~tida was

also s1x~ n to ~~ wert dipheny].mathane to benzhydrol and benzoph~ one. The

organi~ n was also found to be capable of ring cleavage of di~±~eny].nethane

and benzhydrol, producing p~~~ylacetic and phenylglycolic acids, respectively.

Hydroxybenzh~’drols and a hydroxylated benzopherone were also obtained as

products of benzhydrol :x~~ taboli5n. A bacterial isolate using phenylacetic

acid as sole carbon and energy source c~r~ tabolized ~-thloro~~enylacetic acid,

and a product likely to be a z~ rEhydroxylated chlorophenylacetic acid was

recovered frau the culture filtra te .

Studies were o~~~x ted to assess the effect of salinity , ta~~erature ,

oxygen tension ani preserx~e of sediii~~ t organic nutrients and algal cells on

the decxzi~ oeition of CIYF in n~del marine ecosyst~~~. In the nodel ecosysts!~

receiving th’- alga Cylitxlrospernun sp. or diphenyIii~ thane, DDD, D1~~, and D~~

ware forma” Or. In eddition to DW and D~~ , a oi.ii~~,und with the chrana—

tographic ch& . riati~~ of D~~ was detected in waters receiv ing the insecticide .



3

DUr and its breakda~n products had no significan t effect on respiration

of inicr~~ia1 ~xsnainities or algal productivity. Bis (~ -chlorq henyl ) methane ,

4 , 4’ -dichlorobenzhydrol , 4 ,4’ -dichloroben~~phenone, bis (~~chlorq )~~ y1) acetic

acid , ~-ch1orcphenylacetic acid and cur enhanced algal develc~~~nt.

The products formed in the netaboli~ n of DOT by bacteria and fungi were

identified as 1, l-dichloro-2 , 2-bis (~ -thlorc~henyl) ethane , 1, l-dithloro- 2 , 2-

bis (~~thloxtphenyl ) ethylene , £114, DBH , and DBP. Severa l other , as yet unchar-

acterized , products were also synthesized by these micrcorganisn~ . The can-

potu~ds identified during the degradation of DOT matabolites were: DIII, D~ 1

and DBP fran Dl~~; DBH and D~’ fran cu’1; and DBH fran D~ ’. An in~ ortant netab-

olite r~~orted for the first time with fungi is ~-<~ilorc~henylacetic acid (P(PA) ,

a ring cleavage product generated in the degradation of DIII. ~-Oilorop henyl-

glyoxaldeirjde is also re~x)rted for the first time as a product of ring cleavage .

Arth robacter sp. , an isolate capable of utilizing phenylacetic acid as sole

sour ce of carbon , was test ed for its abili ty to degrade PCPA. ~~tathlites of

retention times 554 and 653 s ware detected by gas—liquid chrc inatograp hy. The

product of ret ention time 653 s was identified as 4-chloro-3-hydroxyphenylace tic

acid by using coupled gas-liquid thrcznatography-inass spectru~~try and also be

a~içaring the unJo~~ n with the mass spect run of a saiple of authentic 4-chioro-

3-hydroxyphenylacetic acid that was synthesized.

Bacteria able to metabolize at least one of 12 organcç*~ sphate insecti-

cides as sole phosphorus sources and at least a~ of 5 carbanate insecticides

as sole nitrogen source were isolated f ran s~~age and soil by enridment-cul-

ture techniques. L =  microbial isolates , selected for their versatility in

metabolizing organc~~Eephate insecticides as sole pIx~ep1~~rus source , ware

identified as Pse’.~~~cr~as putida and Pse~xkzrcnas ap. (designated Psei.~~~onas

7, while one isolate selected for its versatility in metabolizing carb~sate



4

insecticides as sole nitrog en source and designated as Pset xkronas 44 . The

extent of gr~ ith (as measured by turbidity) of P. put ida and Pse~Mkr~r~nas 7

was linearly related to the level of ~~~sphorus (as KM2PO4 ,  diaziix~n, or mala-

thion ) in the mediun for a crmncentration range of 0.03 to 0. 15 n~I , while for

Pseinx~onas 44 the extent of grcwth was linearly related to the level of ni-

trogen (as (NH 4 ) 2S04, baygon or carbaryl) in the n~ditxn for a ouncentration

range of 0.15 to 0.75 ntl. Maximun optical densities for P. putida and Pse~zk-

nonas 7 were 1.45, 0. 85 and 1.00 and specific gr~~ith rates were 0. 31 , 0. 18 , and

0.21 h~~ with KH2PO4, diazinon , and malathion , respectively. For Psetxki~onas

44 maxiiyun opti cal densities ware 1.15 , 0. 87 , 0.84 and specific gra ~ith rates

were 0.26 , 0.19, and 0.18 h 1 with (NH4 ) 2904, bayqon, and carbaryl, respectively .

~~en grcwth (measured as cell protein) of these isolates was cx rrelated with

metabolism of the particular insecticide used as phosphorus source (diazinon ,

malathion) or nitrogen source (baygon, carbazyl) the extent of meta bolism ap-

proad~~ the thecretical values for the rat ios of cell protein:phosphorus and

cell protein: nitrogen. Thus , the isolates were not oligephosphorophi lea or

oligocarbophiles and were not utilizing possible antaminant inorganic phos-

phate or anuv~th.rn as phosphorus or nitrogen source , respectively, in place of

the insecticide .

Studies of resting cell suspensions of P. putida and Psetx~xonas 7 indi-

cated that both cx nstitutive and induced enzyme syst~ ts were responsible for

the metabolism of diazinon and malathion, while only an induced enz~me syst~ n

was responsible for the metabolism of bay~~~ and cazbaryl. Enzymes in cell-

free extracts, partially purified by (NH4 ) 2904 fractionation, of the three

isolates de~~~atrated broad substrate specificity tt~ ard various orgazxphos-

phate and carb~nate insecticides . Specific activities ranged fran 0.22 to

2.01 ~iM organcphoephate disappeared,’~ni~~ng protein and 0.29 to 1.98 ~iM car-

- —
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banate disaçpeared/minj~~ protein. The cell-free extract studies further sup-

ported the conclusion that induced and constitutive enzyme systa~~ were respon-

s ible for organophosphate and carbamate metabolism by P. putida and Psetxkronas

strains 7 and 44.

Break~~~n products of various orgar~ phosphates fran the cell-free extract

studies were identified as dinethy]. and diethy l phosphate and thiophosphate can-

pounds. Neither P putida not Pse~~ x~ na~ 7 metabolized ionic dialicyl phosphate

and thicphosphate carpounds as sole phosphorus source. The c~~urrence of ionic

diaiicyl ( thio)phosphate suggests that a phoephatase enzyme Cs) was responsible

for the hydrolysis of the parent or azx p~ sphate nolecule. Thus , for P. E~~ida

and Pse ~~~as 7, a major pathway of degradation of organophosphate insecticides

may be a hydrolytic attack to liberate the ionic dialkyl (thio) phosphate. The

inability of the isolates to metabolize ionic diaBcyl phosphate and thiophos-

phate carpounds suggests that these nolecules may be nore persist ent in nature

than once thought, and concern about their potential envirtui~ntal toxicity and

fate is justified.
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I . Section 1

A. MATERIALS AND METHODS

Media. Marine microorganisms were isolated and maintained

on two ~~d ia . DYE contained 0.05 g K 2HPO , ,  15 g agar , and 1000 ml

aged sea water. WHO mediua,-t general is~ l~ tion medium for marine

mIcroorganisms (24), contained 1.0 g peptone , 2.0 g glucose , 0.05 g

K2 HP O 4, 15 g aga r , and 1000 ml of aged sea water. Piucor alternans

was grown on a glucose—sa lt . medium which contained S g glucost , g

NH4NO 3, 1 g K2HPO 4, 1 g KH 2PO4, 0.2 g Pi8SO4~ 0.02 g CaCl 2~2H 20, 0 .01 g

Fe 2 SO 4 and 1000 ml distilled water (4).

Gas—liquid chromatography . A Varian 200 gas-chrosiatograph

equipped with a flame ionization detector and two differen t columns

and operating conditions was employed When a 10% DC 200 column on

chromo8orb W—AW was used , the operating temperatures were 185 C ,

column ; 215 C, injector; and 195 C, detector . The second column was

a 15% SE 30 on chromosorb W , and the operating temperatures when It was

used were 90 C , column ; 185 C, injector ; and 215 C , detector. The

flow rate of N 2 through the columns was 45 
ntl/min .

Esterification using diazometha ne. The method of Schlenk and

Gellerman (21) was used to esterify acids prior to gas chromatography .

The diazomethane generator resembled one described by theb~ authors .

As soon as excess CH2N2 was seen in the sample (the sample yellowed),
its

the sample tube was disconnected , and /contents were evaporated to dryness

imeediately with a flow of N2. The eaterified acids were then dissolved

in chloroform or ether and examined directly by thin—layer chromatography

(TLC) or gas—liquid chromatography (CLC).
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Thin—layer chromatography . The chemicals were spotted on Eastman

Chromatogram Sheet 6060 Silica Gel bearin g a fluorescent indicator.

After development , the spots were visualized with a UVS 12 M inera llgh t

(Ultraviolet Products , Inc . , San Gabri el, Cal li .). Chromatograms to be

counted for their radioactivity were Cut into 6—cm strips and counted with

an Actigraph II! strip counter (Nuclear—Chicago Corp.).

Scinti llation counting . Samples of 0.1 to 0.~ isi ~rcre placed Into

scintillation vials , and 10 to 15 ml of Bray ’s scintillation fluid (5)

was added . The vials were counted with a liquid scintillation counter
Ma rk I

(Nuclear—Chicago Corp. ~~del/)which automatically subtracted the background

counts .

Chemicals. 1,l , l—Tr ichlo ro— 2, 2— bis (~ —ch 1o rop heny l)ethane ( DDT ) ,

2,2 —b ls (~—chloropheny1)acetic acid (DDA), 4,4’—d lchlorobenzophenone (DSP) ,

4,4’—dichloroben zhydrol (Dx~H), and ~—ch lorophenylacetic acid (PCPA) were

obtained from Aldrich Chemical Co., Milwaukee , Wig . 2—Chlorosucc inic acid

was provided by K and K Laboratories , Plainview , N. Y. Hexanes used for

extractions were pesticide grade from Fisher Scientific Co., Fairlawn ,

N. J. Column packing materials were purchased from Applied Science

Laboratories , State College , Pa.

-J



B. RESu LTS

Isolation of microorganisma capable of degrading DDT. Saap l M  Of

sea water and sediment materials were coliceted from ~~ ven si tes along

the Connecticut coast. The seven sites included four distinct habi t ;tt , :

brackish river water , salt marsh , and areas with bottoms consisting of

fine black sand or course gravel. Samples were co ll ect td in sterile

containers and they then were shaken vigorously and streaked onto DYE

and WHO agar within 2 hr of collection . The plates were allowed to

incubate at abou t 23 C. Different colony type s were picked from each

plate , and pure cultures were obtained by standard techniques .

Each of the isolates was examined for its ability to t ransform DDT

to water—soluble products. To measure this conversion , each bacterium

was grown on 0.2% yeast extra ct—sea water medium in the presence of

14
C—la beled DDT. The final concentration of DDT was 0.5 pg/mi and its

specific activity was 100 ,ac/44.4 mg. After 7 to 18 days of incubation

at 23 C , the cells were removed by centrifuga tion , and DDT and most

of its non—polar products were extracted from the supernatan t fluid

with hexane . The water phase was then examined for residua l radio-

activity .

About 48 of the bacteria were found to have converted 5 to 10% of

the 14
C—DDT to water—soluble product ., 38 solubilized less than 5% of the

insecticide , and 29 were apparently inactive by the test method s employed.

The results summarized in Table I show that four areas contained a

particularly high percen tage of active organisms . They were Oyster Creek

surface water , Kelsey Poin t surface water , Sagamore Terrace surface water ,

and Sagamore Terrace gravel , where 70 , 66, 60, and 64% of the isolates were

active , respectively . The most striking observation from these somewhat
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Table 1. The ability of marine isolates to solub lli?! 14
C—DI~T.

Surface Sediment
Sample Area 

____________________ _____________________

No. No. No. No.
tested act ive a 2b tested active a 

2b

Connect icut River at
Saybrook , Conn. (brackish) 16 5 31 11 4 36

Saybrook salt marsh 8 1 12 7 2 28

Coast I mi from Conn .
River 14 6 43 — —

CoasL 2 ml from Conn.
River 9 4 44 — - —

Oyster Creek (br ackish) 10 7 70 5 2 40

Kelsey Point (fine black
sand) 3 2 66 11 4 36

Sagamore Terrace (course
gravel) S 3 60 11 7

a 
The number of DDT solubilizers was considered to be those
isolates which converted more than 5% of t ’~e added labeled
DOT to water—soluble products.

b Percent of the total number of bacteria tested from that
site which solubilized DOT.

- _ _ _- -
. 

—-
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randomly chosen isolates was the fact that a large percentage of the

isolates had the ability to solubilize DDT and presumably to in i ti .~~e

its degradation .

Water—soluble produ cts formed ~~ Mucor altern ans.

A strain of Mucor alte rnans which was exceptionally active in

converting DOT to water—soluble products was isolated by Anderson and

Lichte ns tein (2).  This fungu s was used as a model to characterize more

completely the pathway of DDT degradation . The fungus was grown in

500 ml of a glucose—salts mediu m containing 2 pg DDT/ml including

2.9 pc ~
4
C—D1YT as described by Anderson and Lich tens tein (3) .  The

inycelium was removed from the medium by filtration after 7 days of

incubation and the f i l t rate was extracted three times with 500 ml

portions o f hexane each ti me . The f irst method of isolation is

outlined in Fig. 1. The radioactivi ty recovered at each step In the

procedure is also given .

Analysis of the compounds thus generated microbiologica lly from

DOT, using both thin—layer and gas-liquid chromatography, is still in

progress. In Table 2 is a sUmmary of the data . From these data , it

is evident that the water—soluble degradation products were not DOT, DDA,

DBH , DBP , PCPA or 2—chlorosuccinic acid. Previous work in this labora-

tory has shown that PCPA is formed inicrobiologically from DOT (9,17),

and thus PCPA or one or more of the other compounds also could have been

the water—soluble metabolites synthesized from DOT by H. alternans.

Therefore , the soluble products appear to be new metabolites generated

microbiologically from DDT.

Meth ylation of these compounds with diazomethane altered their

mobility somehwat . When the products were chromatographed on TLC plates

“—I-— ——— . -
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Figure 1. Extraction procedure used. From Anderson and
Lich tenstein (3).

Hexane—ext racted
medium

1.28 X l0~ cpm

Flash evaporated to dryness
at 30 C

Residue ref luxed 30 mm
in absolute methanol

Filtered through glass
•wool into distilled water

Filtrate Residue

~.4 X 10~ ~.ll X 10~ cpm

Acidified to pH 1.5

Ether extrac ted

Watet~ phase Ether phase

0.38 X lO~ cpm

Dried with Na2SO4

Flash evaporated to
a small volume

Extra 
r 

of DOT
metabo l ites

6~,73 X lO~ com

- --~---~-——— - - .  

. 
---
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Table 2. Analysts of water-soluble products of Mucor alternans.

Retention time (CLC), mm R1 value 
(TLC)

Compound 10% DC 200 15% SE 30 Solvent Solven t

DOT 71:00 - - 0.94
DDA_O_ Mea 34:00 - 0.82 -
PCPA—O— Me 2:12 — 0.90 —
Mucor alternans_O_Meb 2:10 _ c 0.00 0.00
2—Chlorosuccinic acid — 15 30 — —

DDA — — - 0.09
DBH — — — 0.14
DBP — — — 0.74
PCPA — — 0.19

a —0—Me indicates that the acid was esterified with
diazomethane .

b The H. alternans extract was treated with diazomethane .

C None of the peaks corresponded to the standards.

d Solvent was acetone:hexs..ne (10:90).

e Solvent was hexanes:ether:acetic acid (100:1:1).

~

-- —--.—-- .-—-

~

- - 
ufu.— .~~~~~~~~
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using methano l: water (70:30) solvent , the non—esterified products

gave 3 diffuse peaks with R
f values of approximately 0.27, 0.48, and

0.82 . After methylation , only one peak at R
f 0.84 was observed.

2—Chiorosuccinate behaves similarly in that when unmethy lated , its R f

value was 0.76 , and the meth y lated derivative gave an Rf of 0.81. Thus ,

methylation may not great ly change the mobility of acids with this solvent

system. It is tentativel y assumed that all three diffus e peaks represent

acids .

A second method of isolation of the DOT—degradation products has

been developed and is now used . This procedure is outlined in Fig. 2,

together with the recove ry of radioactivity at each step. This pro-

cedure is less drastic than the first method since the drying and boiling

steps are eliminated. The recove ry in this instance was about the same

as in the firs t procedure . The reason for the apparent loss of 50% of

the radioactivity after extractio n with acid is now being investigated .

It should be noted , howeve r, that the total extraction of ~
4C from the

medium was achieved after acidification , indicating that the metabolites

are acids.

Purification of metabolites for CLC and mass spectroscopy . The final

ether extract containing the DOT metabo lites also contained nonradioactive

products. These product . interfered with the GLC analysis since their

concentration was high enough to mask that of the DDT metabolites.

Elimination of much of this interfering material was accomp lished by TLC.
ml of the final

This was achieved by placing 2.Ojether extract on a TLC plate , which was

developed in benzene:methanol (50:50). Most of the radioactivity remained

.at the origin , while the contaminating nonradioactive material moved and

exhibited R
f values of 0.42 and 0.95. The ‘4C—labeled material was removed
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Figure 2. Extraction procedure for water—solub le products
of DOT metabolism.

Hexanes—extracted
medium

X 106 cpm

Ether extracted twice
with 200 ml ether

Ether phase 
- Water phase

~~54 X l0~ cpm

Acidified to pH 1.5

Ether extracted twice

~~with 200 ml ether

Ether phase Water phase

4.45 X l0~ cpm 1.51 X 10~ cpm

Flash evapor ated to 30 ml

Add 5 ml benzene:methanol (4:1)
to drive off excess water

Flash evaporated to 5 ml

Extract of DOT
metabolites

X 10~ cpm
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p
from the plate and eluted from the gel with water. The water was

acidified and the products extracted into ether. Appropriate columms

and operating conditions to allow for adequate separation of the volatile

degradation products by GLC are currently being sought. This will then

allow the metabolites to be injected directly , following gas chroma-

tograp hy, into the mass spectrometer for definitive identification.

Degradation products from marine isolates. Four of the marine

isolates , all bacteria , most active in solubilizing DOT were grown in

large vo1 umes of a sea water medium. These cultures were extracted by

the same procedures used for 14. alternans. Although the extracts have

not yet been characterized chemically , the water—soluble products are

volatile at 55C at reduced pressure. Inasmuch as the same was true of

the degradation products generated from DOT by H. alternans , it seems

reasonable to believe that M. alternan s is a suitable model for the

marine bacteria.

Effect of various carbon sources on DOT degradation ~~ natural

marine communities. Addition of various carbon sources to natural

microbial communities may enhance DDT metabolism in one of two ways.

First , the carbon source may stimulate different groups of bacteria to

become the predominan t species in the community. Second , it may induce

an enzyme system which , in addition to catalyzing a reaction involving

its natural substrate , also acts to catalyze an initial phase in the

degradation of DOT. Since the enzymes which cometabolize DDT are unknown,

it is impossible to determine a priori what compound would stimulate the

cometabolism of DOT. Consequently , nearly 100 differen t compounds, listed

in Table 3, have been tested for their ability to enhance the conversion

of DOT to water—soluble products . 

—______
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Table 3. List of compounds added to natural marine communities
in an attemp t to enhance DDT solubilization .

Acetic acid Mannitol
An thranilic acid m— Me thoxyp henol
4—Am inopyridine Me thylmalonic acid
tn—Aminophenol a—Naphto l , alpha
m-Aminobenzoic ac id Oleic acid
Alginate 2—Pheny lbutyric
Ascorbic acid ~ —Phenyl—o-cr~sol
4-Chlororesorcinol 4—Phenylbutyr ic acid
Coumalic acid Pectin
Crotonic acid Palmitic acid
Citrate Phenylalanine
Catechol p— Phenylp henol
Chitin Phenylurea
Chlorodiphenylmethane Phlorogluc in
o—Cresol Phthalic acid
Casamino acids Picolinic acid
Dipyridy l (alpha , alpha) Pyruvic acid
Diphenylmethane Quinaldic acid
Ethoxybenzoic acid ~utin
Gum arabic Resorcinol
Glucose Ribose
Guajacoj. Sebacic acid
Glutaric acid Shikimic acid
Glycerol Sodium lauryl sulfate
Gelatin Starch
Glutamic acid Succinate
p—Rydroxybenzo lc acid Syringic acid
4—Hydroxybu tyric acid Tannic acid
trans—p—Hydro xymuconic acid Tartaric acid
4—Hydroxydipheny lmethane p—Toluic acid
Kojic acid 2,4,6—Trihydroxybenzoic acid
Kyn urenic acid Tyrosine
Latiric acid Urea
Lignin Urethan
Linoleic acid Vanil lin
l—Leucine Yeast extract
Maleic acid
3—Methylcatechol
4—Methylca techol
m-Metho xybenzoic acid
o—Methoxybenzoic acid
Mucic acid
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Since the Sagamore Terrace sampling site seemed to contain the

mos t DDT decomposers , all the samples for this experiment were taken

from that location. Each of the 100 Erlenmyer flasks (500 ml) received

250 ml of surface sea water. Course gravel from the upper 10 cm of

sediment was placed in a clean container and mixed , and 50 ml of the

course gravel was scooped into each of the 100 flasks . Test compounds

(25 rag) were added to each flask. L4
C~labeled DDT was added 24 hr later

at a concentration of 2 j zg/ml and a specific activity of 1.0 pc/6.9 mg .

Some of the flasks were incubated under anaerobiosis. Some were placed

on a rotary shaker at 28 C , two were placed under continuous illumination ,

and the res t were incubated at 23 C in the dark . Initial samples were

taken at 2 days and frozen at —30 C. Four samples were taken during the

next 5 weeks and were also frozen after sampling. At the end of 5 weeks,

the gravel was also removed and frozen. These samples will be extracted

and the radioactivity of each fraction determined . The extraction and

counting scheme to be used is outlined in Fig. 3.

Sorption of ~~ H. alternan s. Myce lial mats of 14. alternan s

were removed by tiltration from the glucose—salts medium supplemented

with 14
C—labele4 DOT, and they were washed with sterile distilled water

and returned to a fresh salts medium containing 14C—DDT but lacking

glucose . Counts of the radioactivity remaining in the medium w~re made

during the incubation period. The results demonstrate that the mycelium

bound most o.f the added DOT and then the bound material was slowly

released (Table 4). Moat of the released material was water—soluble ,

at least on the 9th day of incubation,aince very little radioactivi ty

was removed by hexane extraction .

To fur ther characterize the pathway of metabolism , bacteria have
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Figure 3. Scheme for extraction and determination of the
distribution of 14—C—DOT in natural marine
cottisunities .

[Sample of 50 ml
sea iça ter

Filter (Whatman #42)

Filtrate ~ ar&e particlesi

ilter through 0.45 pm millipore filter
-J

[Millipore pad Filtrate
I (Bacteria) I

Hexane extraction

. F 
_ _ _ _ _ _ _ _ _ _ _

Water phase Hexane phase

water—soluble DOT and water—
products insoluble material

A box drawn around a fraction indicates that the radioactivity
of that fraction will be measured .

- .  _  _ _
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Table 4. Sorption of DOT by Mucor alternans mycelium and

the subsequent release of ‘4C—label ed compounds .

Time after addition Radioa ctivity in
of DOT culture fluid (cpm/ml )

0 6484a

2hr 687

1 day 3990

5 days 7288

9 days 6750

a Radioactivity in solution before mixing
with fungus cells



20

been obtained which are able to grow on and degrade several analogue s

of DOT metabolites . The compounds are diphenylmethane , benzhydro l and

phenylacetic acid , which are the non—halogenated analogues of bis—

(2—chlorophenyl)methan e (0DM) , 4,4’-dichlorobenzhydrol (DBH) and a-
chiorophenyla cetic acid . Various of the isolates have been found to

cometabo lize DDM and DBH and to metabolize a variety of other compounds

structurally related to likely intermediates in DOT biodegradation , but

the products have not yet been identified .

r~~~’
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C. DISCUSSION

Because of the persisten ce of DOT in marine and soil environments

and Its extensive use abroad , DDT residue s continue to accumula te.

Woodwe ll et al. (23) presented estimates of the accumulation of DOT in

the oceans. The total amount was roughly 2.4 X 1O 9 g,. most apparently

associated with marine algae (6,23). Sedimentation of organic matter ,

to which DOT is bound , transports residues to the abyss. DOT may

accumulate in the abyss since these regions exhibit only limited bacterial

degradative activity (12). In addition , the transfer rates for organic

compounds out of the abyss are of the order of hundreds to thousands of

years (23).

The lack of microbial degradation in nature is not the result of the

nonexistence of species capable of destroying ~.he insecticide because

microorganisms able to degrade DOT extensively have been isolated from

both soil and sewage (17 ,18). Moreover , marine isolates have been found

that modify the two non—ring carbon atoms of DOT (16), but the production

of ring—cleavage products owing to extensive enzymatic attack has not

been demonstrated . We have used the solubilization of DDT as an index

of extensive degradati-n of DDT; it must be acknowledged , however , that

this criterion must be deemed an assumption only until these products

are identified .

The results presented indicated tha c nearly 50% of the randomly

chosen marine isolates solubilized 5% to 10% of the added DOT in 7 to 18

days . This is in agreement with data of Pfaender and Alexander (18)

concerning the ability of sewage bacteria to degrade DOT. They found

that as many as 90% of the randomly selected isolates from sewage to

which glucose was added converted at least 10% of the DOT to products.
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ThIM poses t h e que stion: why is DDT not degraded quickly In the oc.~anH

or other bodies of water when so many microorganisms seem to be able to

perform at least certain steps in the degradation .

A number of reasons for the persis tence of compounds in nature have

been proposed by Alexander (1). Some have a direct bearing on the

persistence of DOT. One possibility is that the bacteria capable of

degrading DOT are physically separated from it. Since the solubility of

DOT in water is about 0.002 ppm and the solubi lity in animal fat is about

100,000 ppm (16), a large percentage of the DOT will be partitioned into

fat . DDT is known to accumulate in algae (20,23), plankton (6), clams ,

oysters , fish , etc. Thus, the concentration of DDT in estuaries would

be lowered by the entrance of DDT into living organisms . In addition ,

non—living organic material can bind DOT; for example , simple organic

molecules (22) and dead algae (20). All or most of the DDT retained

in animal fat would be unavailable for microbial degradation . The

availability of DOT bound to non—living organic material is not presently

known . We have demonstrated the sorption of DOT to H. alternans, this

representing another example of the ability of microbial cells to bind DOT.

Hicks and Corner (14) presented evidence that Bacillus inegaterium retained

a maximum of 1.7 p~ of DOT/mg cell dry weight. About 752 of this DOT

was located in the membrane . They also observed that the released material

was more soluble than DOT. Microbial solubilization and possibly

degradation may require binding of the insecticide to microbial cells ,

the result being that the species capable of DOT degradation are competing

wit h all the other living and non—living substances that bind the pesticide .

Another reason for the persistence of DDT may be that microbial

co~~ tni t ies in the ocean inhibit or alter the ability of the act ive species
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to decompose DOT. This hypothesis is supported by a report that a DOT—

decomposing fungus was inhibited in its action on the pesticide by

other soil fun gI (4).

Low enzyme specificity or binding affinity, coupled with the very

low concentration of DOT in water ,could well be a major factor

contributing to DOT persistence . Previous investigators have shown that

DDT can be converted to 4,4 ’ -dlchlorodipheny lmethane (0DM ) (11 ,17). If

0DM is indeed produced in nature , removal of the chlorine atoms on the

rings would produce diphenylmethane (DPM) , which can be extensively

metabolized by a number of bacteria (10). Nonspecific dehalogenases

might be involved in this conversion ; however , as far as is known ,

dehalogenase s tend to be highly specific (13) and do not metabolize a

wide range of substrates.

DOT is most likely cometabolized in nature since no one has yet

Isolated an organism able to grow on DOT as a sole source of carbon .

Focht and Alexander (9) have shown that 0DM can be converted to PCPA

and that PCPA can be further metabolized by other microorganisms to

ring fission product s , possibly 3—chl.oro—substituted acids (8).

Pfaender and Alexander have also demonstrated that PCPA can be further

metabolized (17). Thus , enzyme systems do exist for the cometabolism

of DOT, although no information concerning the specific ity of these

enzymes is known.

The presence of a~ —chloro subs tituent on the rings of DOT presents

a formidable obstacle to the ortho—1,2—oxy genases which comsonly cleave

aromatic rings . Dagley (7) presented evidence that ortho—cleaving enzymes

were not generally active on rings with substituent a on them. Ortho—

cleavage would likely produce 2—chlorosuccinic acid ; we have tested for
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this compound , but none was found in culture fl u id 5~ of H. alternan s.

The enzymes involved in met.a—cleavage (i. e., catechol 2 3—oxygenase)

are generally more active on compounds with substituents on the ring (7).

A meta—type of ring cleavage would probably produce 3—chloro—substituted

acids from DDT , as suggested by Focht and Alexander (8). In support of

a meta—cleavage mechanism , Horvath (15) demonstrated that chioro— subs tituted

catechols were metabolized by a meta—cleaving oxygenr~ e. The production

of 3—chloro—s ubs tituted acids from DDT seems to be p laus ible; hence ,

we plan to search for them in cultures of H. alternans and ot the marine isolates.

The unknown water—soluble metabolites produced from DOT by H. alternans

are probably acids . The products were shown not to be DOT , DDA , DBH ,

DSP , PCPA , or 2—chlorosuccinic acid . Thus , the water—soluble me tabolites

of DOT are possibly new breakdown products .

The hypothesis that nutrient availability is limiting the DDT-

degrading species in marine waters is also being investigated. This

hypothesis seems reasonable because the carbonaceous and nitrogenous

nutrients source influence the ability of H. alternans to metabolize DOT

(3).
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II. Section 2
A. MATERIALS AND METHODS

Media. Mu cor ai ter na ns was grown in a glucose-salts med ium containing 5 g g lu-
cose , 1 g NH~N0 1, 1 g K,HP O 4, 1 g KH2PO 4, 0.2 g M gSO 14 , 0.02 g CaC l 2 . 2 H 20, 0.01 g
Fe SO , and 1000 m l d i s !llle d wa ter (3) . The basal sea water medium conta i ned
f i~~te~ed , aged sea water containing 0.1% (NH 4)2S04, 1% K HPO 4, and 1% K2HPO 4.
The growth factor stock solution conta i ned I g yeast ect~act p lus  1 g casam i no
acids per 100 ml of disti ll ed water. Unless otherwise stated , growth factors
were added to g ive a f in al  concentrat Ion of 0.02%. Stock culture s were main-
tai ned on agar slants containing 1.0 g peptone , 2 g g l ucose , 0.05 g K2HPO 4, 15 g
agar , and 1000 ml of aged sea water.

Th in-layer chromato~raphy. The chemicals were spotted on Chromatogram Sheet
6060 silica gel (Eastman) bearing a fluorescen t ind i cator. After development ,
the spot . jere visuali zed with UVS 12 Mineralight (Ultraviole t Produ cts , I nc ..
Sa n Gab r i e l , Cal if.). Chroinatograms to be counted for their radioac tivity were
cu t into 4 cm strips and counted with an Actigraph i l l  strip counter (Nuclear-
Chicago Corp.).

Ga s-liqu id chroma tography . A Var ian 1 700 Gas Chroma tograph equipped with a
b JNi electron capture detector and two 6-ft X 1/8 in. g lass colums was used .
Pre- tested packing materia l was purchased f rom Applied Science Labora tories .
The fir t co l umn was 3% OV -l on Gas-Chrom Q, AW , DMCS , 100/120 mesh. The other
column was 10% DC 200 on Gas-Chrom Q, AW, DMCS , 100/120 mesh. Operating condi-
tions were : 205 C , injec tor; i80 or 195 C , col umn ; and 260 C,de tector. The flow
of N2 gas through the column gave a retention time for DOT of about 20 mm for
the OV- l co l umn and 25 mm for the DC 200 column .

Scintilla tion counting . Samples of 0.1 to 0.5 ml were p laced i n to s c i n t i l l a -
tion vials and 10 to 15 ml of Bray ’s scin tillation fluid (7) was added . The
v ials were counted with a Mark I liquid scintillation counter (Nucl ear Chicago
Corp.).

Mass-s pectrometry . Samples were adsorbed onto silica gel , and the gel was
p laced in to a special capillary tube . Crystalline samples were directl y added
to th€ tubes . The samp l es were proce~.~ed by the N.I.H . Biotechnology Resou rces
Mass-S pectrometry Facili ty at the Dept. of Chemis try, Cornell Univers i ty.

Nuclea r magne ti c resonance s~pectrometi~y. Samples of 10 to 30 mg were dissolved
in 0.2 ml COd 3 (M allinckrod tj, and the spectra were obtained us i ng a Varian
860A NMR Spectrometer.

I n f r a - red Spectromet~y . Infra-red spectra were obta i ned on 1 to 5 mg samples
i ncorpora ted into 100 mg KBr mini-discs us i ng a Perk in-E lmer Infracord infra-
red spectrophotome ter.

Measurement of biologica l oxygen demand (BOD) . BOD was measured In standard
300 ml bot tles . The basal m ineral sa l ts ~~Th um conta i ned 1.6 g K~HPO4, 0.4 g
KH 2P04, 0.2 g MgSO4, 0.025 g CaS0~4 .2H 20, 0.0025 g FeSO 4.7If 0, 0.082 g (NH4

) SO4,
and 1 li ter distilled water , and the pH was 7.0. The basa’ med i um was aerated
for a t least 12 hr to sa tu ra te the medium with O2 . DDT a nalog s con tained i n an
aceton e solution were added to each bottle , the acetone was evaporated , and

I
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then the oxygen-saturated basal med i um was added with the l nocujum . The bottles
were i ncubated submerged in a water bath at 25 C. Dissolved oxygen was measured
us i ng a Biol og ica l Oxyge n Mon i tor (Yellow Spring Instruments Co.). The alkali-
azi de modification of the standard iodometr ic metho d was used to standardize the
oxygen meter for 1 00% saturation (2). After i ncubation and measurement of oxygen
con ten t , nitrite p l us nitrate was measured by the method of Montgomery and Dymock
(23) .

Manometry . Standa rd manom etric procedures were used (28). Each f l ask received
2 umoles of subs t ra te in  ace tone in the mai n compa rtment . The ace tone wa s evapo-
rated under a stream of N2 gas , and 2.5 ml of sterile sea water was added to the
dr y substrate. The side arm received 0.5 ml of cells , an d the cen ter w e l l  re-
ceived 0.2 ml of 20% KOH. Measurements were started by tipping in the c e l l s
from the side arm.

Chemicals. l ,l ,l-Tr ichloro-2 ,2-b s(~-chlorophenyl)ethane (DOT), 2,2-bis (2-chloro-
pheny l)acetic acid (DOA), 4,4 ’ -dichlorobenzophenone (DBP), 4,4 ’ -dichlo robenzhydro l
(DBH ) , and ~-ch1oro phe ny 1acet ic aci d (PCPA ) were obta i ned from Aldrich Chemica l
Co., M i lwa ukee , Wis . 2-Chlorosucci çiic acid was purchased from K and K Labora-
tories , Pla i nv i ew , N. V. Labe l ed ~C-DDT was prov i ded by New England Nuc l ear ,
Boston , Mass. Hexanes used for extractions were pesticide grade from Fisher
Scientific Co., F a i r l a w n , N. J . Column packi ng materials were purchased from
Ap plied Science Laboratories , Sta te College , Pa.

B. RESULTS

Wa ter-soluble products formed ~~~Mucor alternans. Mucor alternans converts
40% of the DOT supplied to the fungus to water-soluble products in 7 days (3).
Since this rate of conversion was 3 to 4 times faster than that of the marine
bacteria , the pathway of breakdown and the identities of the products formed
by the fungus were investigated . Analysis of these metabol i tes by thin-layer
ch romatography and by gas-li quid chromatography has shown that the products
may be un i que and not described heretofore inasmuch as they were found to be
d i s t inc t f rom 2 ,2—b is (~-ch1oro pheny l)acet ic acid , 4,4’ -dichlorobe nzophenone ,
4,4’ -d i chlorobenzhydrol , ~-chiorophenylacetic acid , and 2-chlorosucc lnic acid.

In order to obtain large amounts of the products , N. alternans was initiall y
g rown i n a 10 liter fermentor i n the presence of l~C..Jabeled DDT. Under these
cond i ti ons , however , M. alternans did not convert DDT to water-soluble rnetabo-
l i tes. On the other hand 1 If the fungus was grown in 2 liter flasks contain-
ing 500 ml of broth pius ‘4C 00T and the products were pooled , nearl y 800 ug
of a preparation containing the p roducts was obta i ned for each 4 li ters of
medium .

The water-soluble products were extract ed with hexane and concentrated accord-
ing the schem, shown In Figure 1.

Purifica tion of water-soluble products. The water- soluble products in the
ether extract were separated by thin-lay er chromatography . A por tir n of the
concentrated ether extract was appli ed in a narrow band on two silica gel plates
and develope d in methano l -water (75:25). Aftsr davelopm~nt , the plates were
dried in air , and a strip was cut from the plate. The ~~C-cont aining areas on



Fi gure 1. Procedure for extracting water-soluble products of DDT 
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metabolism.
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DDT mstabolites
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the plate were located us i ng an Act i graph I l l  stripscanner. The results pre-
sented in Figure 2 ind i cate tha~ at least three components were present , since
three radioactive peaks were found. The procedure emp l oyed separated the
radioactive compounds from the unlabe l ed yellow products. The dashed lines
in Figure 2 desi gnate the section of the chromatogram removed from the plates
for extraction and further purifica tion .

The silica gel containing the water-soluble products was extracted with water ,
and the li quid was filtered to remove the silica gel , acidifie d to pH 1.5 , and
ext r~cted with ether. This ether extract was evaporated to 5 ml , the recovery
of ~~C material be i ng about 50%. The losses could not be accounted for , but
presumably they occurred during flash evaporation . The entire extract was
spread in a thin band on a second silic a gel plate and deve l oped in ethanol:-
NH 4OH :water (140:7:28) . The results of this separation are given in Figure 3.
Some non-radioactive UV absorbing material was evident near the solvent fron t ,
but it was complete ly separated from the 14C_ lab e l ed products. The two radio-
active peaks designated S and F , wer e removed separately from the plate. Each
was ex t rac ted wi th wa ter , and the wa ter phase was f il tered , acidified , arid ex-
tracted with ether. The recovery of 1’C material after concentration of the
ethe r ex trac t was 68%. A t th i s  s tage of pu r i f i ca t ion , about 24 pg of component
S and 22 ug of component F remained .

Pre para t ion of samp les for mass ~pectrometry. One-half of extract S (12 pg)
was placed in one small spot on a strip of silica gel and deve l oped in methanol:-
water (75:25). The strip was then examined for radioactivity. The result is
shown in Figure 4. Two small faint UV-9bsorb i ng spots were observed , and these
corres ponded wi th the l oca t ion of the 1

~ C activity on the gel. These spots and
also a control portion of gel were removed and plac ed into small capillary tubes
and analyzed by mass spectrometry . The mass spectrum of the control gel showed
no peaks above ni/e 57.

if these products contain chlorine , as do all reported products of DDT degrada-
tion , the parent Ion and its fragments should show distinctive chlorine couplets
by mass-spectral analysis. These couplets result from the natura l chlorine iso-
topes, 35C 1 and 37C l , wh i ch occur In a 3:1 ratio. No such chlorine couplets
were found for the two compounds in f r ac t io n 5, and no parent ion was detected .
Consequen t ly ,  an iden t i ty or a molecular  we i gh t canno t ye t be assi gned to ei ther
component.

An insufficient quantity of product was present for a definitive mass spectrum .
Consequently, the remaining 12 pg of fraction S was placed in one 50 mm~ spot
on a silica gel thin-layer plate; the gel within the spot was removed , placed
into a capillary tube , and subjected to mas s-spectral analysis. The resulting
spectrum showed rio distinctive Cl couplets and no parent ion could be i denti-
fied . The major peaks were at rn/c 177, 149 , 147, 131 , 129, 121 , 105 , 103, and
89.

F ractIon F was analyzed by pla cing the entire ext ract (22i~g) on one 80 nri
2

spot on a silica gel plate. A sample of the spot was placed into a capillary
tube a nd examined by mass spectrometry . No parent peak or Cl couplets were
found, however. The major rn/c peaks were 146 , 145, 11 9 , 103, and 89.
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Figure 2.

TLC P U R I F I C A T I ON OF 14C-LABELED DOT PRODUCTS
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Figure 3.

TLC PURIFICATION OF ‘4C-LABELED DOT PRODUCTS
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Figure 4.

FINAL TLC PURIFIED MATERIAL FOR MASS SPECTROMETRY
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Since the purity of components S and F was not established , the hypothesis
tha t these water-soluble products do not contain chlor i ne must be tempered
si nce impurities could have obscured the mass Spectrum . On the other hand ,
these compounds may, in fac t, not contain chlorine, particularl y s ince  they
do not appea r to be any of the DOT metabolites heretofore described .

Two approaches will be used to determine whether these metabo lites contain
chlorine . First, the release of chloride will be measured as M. alternans
metabolizes DDT. If the products are halogen-free , the re i ea~e of ch lo r i de
should correspond stoichiometrlcaliy with the appea rance of 1

~ C water-so1u~,1e
products , the stoichiometric quantity being 5 moles of chloride per mole 1MC _

labele d DOT. Second , the capacity of microorganism s from natura l habitats
to produce 14C02 from the l abeled metabolite s will be assessed: if these com-
pounds do not contain para-substituted chlor ine a toms , they presumabl y would
serve as carbon and energy sources for many microorganisms . If the absence of
chlo rine is confirmed in subsequen t studies , the water-soluble compounds are
p robab l y generated by a pathway i nvolving the most extens i ve degradation of
DDT so far reported for a single organism , si nce all products described to date
con tain chlorine . It should be pointed out , however , tha t severa l problems
are associa ted wi th the i dentificat ion of these metabolites ; namely, extremely
s m a l l  amoun ts of ma te r i a l  are a v a i l a b l e, rather lar ge losses occu r d u r i n g each
stage of pu r i f i c a t ion , and crystalline chemicals have riot yet been obtained .

Conversion of di pheny lmethane to iJ,l ’ ,l 1 -tetraphenyld methyj ether. Because
no microorganism has ever been found to grow at the expense of DDT, dipheny l-
methane was used as a carbon source to obtain spec i es wh’ch mi ght be able to
al ter DOT or to generate inte rmed iates during the come tabolism of the insecti-
cide . Bacteria were readil y obta i ned using this non-chlorinated analogue of
DOT as a carbon source, and two of the isola tes were found to be able to solu-
bi l ize DDT.

To further characterize how such molecules are des t royed , products formed durin g
di phenyl me thane metabolism were sought. One isolate was found to convert the
non-ha iogenated analogue to I ,I ,l ’ ,i ’ -tetraphenyldimethy l ether. This is the
firs t report of the biosynthesis of this nove l compound , and i t  re presents a
class of substances not prev i ous l y sough t , ei ther In culture or in natura l
waters . its i dentity was confirmed by mass spectra l analysis and by nuc l ear
magnet ic  resonance charac ter i s t ics , and the bacterial product was confirmed to
be the tetraphenyl compound by a comparison of its melting poInt , sol ub i l l ty
charac te r i s ti cs , and lnfra-red spectrum with those of an authentic prepa ration
syn thesized by the method of Pratt and Draper (27). Such a dimerization to
yield the ether Is unique in the biolog i ca l alteration of Insecticides .

Fur the r work Is currently in progress to establish the compounds synthes i zed
as these bacteria cometabolize other Intermediates known to be excreted as
DDT is transformed in nature or in cu l ture; e.g., 4,1e ’-dtchlorod i phenylmethane,
4,4’ —d i chlorobenzophenone (DBP), and 4,4’ -dichlorobenzhydrol (DBH).

Effect of organic matter on DOT degradation ~~ marine communItie s. The addi-
tion of organic matter to natura l microbial communities may enhan ce DDT metabo-
lism becaus e: (a) various carbon sources may stimulate di ssimilar groups of
bacteria to become the predominant species in the communi ty or (b) one or more
may ind uce an enzyme system which , in addition to catalyzing a reaction i nvolv-
ing the natura l substrate , also catal yzes an initial phase in the degradation

- -
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of DOT. Since the enzymes which cometabollze DOT are unk nown , it Is i mposs ible
to determine a priori wha t compound would stimulate the cometabolism of DOT.
Consequently, near ly  80 compounds listed in Table 1 were tested for their
ab ility to enhance the conversion of DDT to water-soluble products.

Since the Sagamore Terrace site conta i ned an abundance of DOT-metabolizing
bacteria (18), all the samples for this experiment were taken from tha t loca-
tion . Each of the Erlenmeyer flasks (500 ml) received 250 ml of surface sea
water. Course gravel from the upper 10 cm of sediment was placed in a clean
con tai ner and m i xed , and 50 ml of the course gravel was scooped into each of
the flasks . Test compounds (25 mg) were added to each reaction vessel. Car-
bon-l4-labe l ed DDT was added 24 hr la ter at a concentration of 2 pg/mi and a
specific activity of 1.0 pc/6.9 mg. Some of the flasks were incubated under
a nae r o b i o s i s , some were placed on a rotary shaker at 28 C , two were p la ced
under continuous Illumination , and the rest were incubated at 23 C in the dark.
Initial samples were taken at 2 days and frozen at -30 C , and 4 samp les we re
taken during the next 5 weeks and were also frozen. At the end of 5 weeks , the
gravel was removed and frozen. The water-soluble products were extracted accord-
ing the scheme shown in Figure 5, and the rad i oactivity was then measured.

The 5-week samples were analyzed first for production of water-soluble products.
The results are shown in Tables 1-3. It is appa rent from these data tha t in no
case were water-soluble D91 metabo lites produced by these model ecosystems.
The average recovery of 1’~c added material was approximately 90%. The few very
low and very h igh recoveries probably resulted from the particulate nature of
DDT in solution (6), as i nd i cated by its lack of passage through a Whatman no.
42 filter paper; i.e., DOT was not distributed un~~ormly In each sample taken
from the 500 m l flask. For the few samples w ith C remaining in the filtrate ,
all was removed by Millipore filtration or by hexane extraction .

These resu l ts us i ng model mar i ne commun i t ies are i n marked con tras t wi th the
results of studies of pure cultures of marin e bacteria , I n whi c h  it was observ ed
tha t nearl y 50% of the individua l bacteria were capable of solubilizing DDT.
In the present study , none of the natura l communities produced such metabolites .

Me tabo l i sm of para-substituted aromatic ç~~p~unds. I n order to degrade DOT ex-
tensivel y, a microorganism must have the ability to remove the chlorine atoms
from the aromatic rings . It has been shown that adenos i ne deaminase , wh i ch
catalyzes the remova l of amino groups from adenos i ne , can also remove a chlor in e
substituted in place of the amino group. Since other enzymes removi ng carbon-
linked substituents may exhibit a similar capac i ty to effect a dechlorination
reac ti on , a number of marine bacteria able to grow on a~~~

-substituted aromatic
compounds were sought.

To Isolate bac ter ia  capable of us i ng individua l aromatic compounds as sole
sou rces of ca rbon , enrichme nt cultures were establ ished . Each enrichment con-
tained 50 ml of sea water basa l broth plus 25 mg of the aromatic compound. Each
was inoculated with 1.0 ml of surface water plus sediment from the Sagamore
Terrace si t.. Aft.r 5, 9, and 30 days of incubation , approximately 0.05 ml of
the enrichment was spread on agar plates containing 0.025* of the appropriate
aromatic compound. Colon i es appearing on these plates were picked and i nocu-
lated into a basal broth medium containing 0.025* of the same aromatic compound
plus growth factors. Those isolates able to grow in the broth were i3olated
and stored on slants.
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Table 1. Effect of nutrient additions on the ability of model marine eco-
systems to convert 14C 0DT to water-so l uble products.

CPM before CPM after * 1’C recovered
Carbon source filtration filtration on filter pad

Acetic acid 144,000 0 93
Anthran il ic acid 112 ,000 0 102
4-Aminopyridine 70,800 0 169
rn-Aminopheno l 144,000 0 74
rn-Aminobenzolc acid 71 ,100 0 74
Alg inate 95,900 0 91
Ascorbic acid 105,000 0 97
4-Chlororesorci nol 119,000 0 -

Coumalic acid 123,000 0 89
Crotonic acid 169,000 0 60
C itrate 135,000 0 92
Catechol 73,000 0 125
Chi tin 103,000 600 91
Chlorodi phenylmethane 114 ,000 1073 82
o-Cresol 192,000 0 78
Casamino acids 141 ,000 0 84
Di pyridy l (al pha ,al pha) 198,000 0 73
Di phenylmethane 153,000 0 -

Ethoxybenzoic acid 189,000 0 77
Gum arabIc 80,400 0 86
Gl ucose 153,000 0 93
Guaiacol 143,000 0 92
Gl utaric acid 148,000 0 102
Glycerol 171 ,000 0 67
Gela t In 118 ,000 0 91
Glutam ic acid 140,000 580 103

~-Hydroxbenzoic acid 159,000 0 81
k-Hydroxybutyr ic acid 153,000 0 82
trans-B -Hydroxymuconic acid 150,000 0 103
4-Hydroxyd i pheny lmethane 98,900 0 116
Koj i c  acid 220,000 0 57
Kynurenic acid 166,000 0 90
Laurlc acid 89,000 0 11 7
Lign ln 120,000 0 83
Lino leic acid 150,000 0 81
L-Leuc i ne 105,000 0 128
Maieic acid
3-Methy l catechol 154,000 0 105
4-Methylcatechol 127 000 536 81
rn-Methoxybenzolc acId 220,000 0 65
o-Methoxybenzoic acid 88,ooo 0 72
Mucic acid 199,000 0 77
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Ta b le I - cont i nued

M ann i tol 131 ,000 487 64
rn-Methoxyphenol 140,000 0 99
Methy l malonic acid 141 ,000 0 97
Naphtho l , al pha 134 ,000 0 85
Ol eic acid 98,000 0 106
2-Pheny lbutyric acid 129,000 0 88
a-Phenyl—o-cresol 149,000 0 84
4-Pheny lbutyr ic acid 105,000 659 95
Pectin 179,000 0 85
Pa l m i t ic  ac id  102 ,000 0 99
Phen y lalan in e 92,600 0 72
~-Phenylpheno 1 139,000 0 94
Pheny l urea 117, 000 0 104
Ph ioro g l uc i nol 124,000 0 96
Ph th al i c ac i d 122 ,000 0 93
Pico l in i c acid 72,400 0 83
Pyruv ic acid 151 ,000 0 90
Qui na l d i c ac i d 110 ,000 0 112
Rutin 116 ,000 0 89
Resorc inol 130,000 0 90
Ribose 183,000 0 73
Sebacic ac id 120,000 0 120
Shi ki m Ic acid 104,000 0 88
Sodium laurylsulfate 119,000 0 -

Starch 104,000 0 77
Succinate 260,000 0 58
Syr i ng lc  ac id  121 ,000 0 92
Tann ic acid 321 ,000 0 53
Tartaric acid 92,300 0 82
2-Tol uic acid 95,000 0 78
2,4,6-Trihydroxybenzoic acid 236,000 0 56
Tyrosi ne 133,000 652 73
Urea 147,000 536 78
Urethan 215,000 0 63
Van i llin 152,000 0 80
Yeast extract 112 ,000 0 88
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V
Figure 5. Scheme for extraction and determination of the distribution

of ‘t’C-DDT in natura l marine conmiunit es.
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Table 2. Effect of nutrient additions on the ability of model marine eco-
systems to convert DOT to water-soluble products under anaerobic
conditions .

CPM before CPM af ter ~ 
1”C recovered

Treatment Nutrient addition filtration filtration from filter pad

Dark No additions 15,200 0 109

Dark +N+P 40,900 701 44

Dark +N+P+G l ucose 42,500 8533 43

Dark +N+P+Catecho l 23,500 8378 55

Dark +N+P+Rutin 42,600 0 30

Dark +N+P+Palmitic acid 44,000 0 57

Dark +N+P+D i phany l methane 33,400 2192 51

Dark +N+P+4-Methylcatechol 52,700 0 84

Dark +N+P+4-Phenylbutyric acid 42,100 2149 43

Li gh t No add it i ons 22 ,000 0 90

Li ght +N+P 29,600 1157 96
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Tabl e 3. Effects of nutrient additions on the ab ility of mode l marine eco-
systems to convert DOT to water-soluble products under aerobic
cond i tions .

CPM before CPM af ter * 
1
~ C recovered

Treatment Nutrient addition filtration filtration from filter pad

Dark No additions 43,900 0 138

Dark +N+P 76,900 0 108

Dark +P1+P+Catechol 83,200 0 106

Dark +N+P+Palmitic acid 84,400 0 11 3

Dark +N+P+D i phenylmethane 75,200 443 93

Dark +N+P+4-Methylcatechol 68,400 0 25

Dark +N+P+4-Phenylbutyric acid 152,000 548 87
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After approximatel y 6 weeks of Incu bation , 1.0 m l of the primary enrichment
cultures was trans ferred to fresh basal sea-water medium containing 0.025%
of the aromatic compound but no growth factors. Additional isolates were
obtained and stored on slants.

A third enrichment was started using an i noculum consisting of 1.0 m l of the
second enr i chment culture , wh i ch had been i ncubated for about 8 weeks. The
third enrichment solution contained the basal med i um , 0.1 ml of a growth fac-
tor solution , and 0.5% of the aromatic compound. Turbidity developed in cul-
tures containing ~-am i nobenzoic acid , 2.-anisic acid , and ~-rnethoxypheny lacetic
acid. Additiona l isolates were obtained from enrichment cultures containing
these three aromatics.

The results of these enrichments and the number of Isolates which grew in
liquid media containing each aromatic chem i ca l are given in Table 4. Man y
of the isolates proved to be agar di gesters or failed to grow in the liquid media.

Responses of isolates to concentration of aromatic compounds. Since the aro-
matics tested mi gh t have been toxic ,~~he ab i l ity of the isolates to grow at
various concentrations of the chemicals was determined . Isolates were grown
in 10 m of basa broth containing 0, 5, 10 , and 30 rng of the aromatic com-
pound which was used for their isolation . Some of the bacteria were unaffected
by the presence of the aromatic , severa l were inhibited at all concentrations ,
and a few were stimulated by one concentration but inhibited or unaffected by
another. Three classes of response to aromatics compounds are presented in
Tabl e 5. All of the bacteria grew to some extent on the growth factors in the
medium , even if the solution had no aromatic compound. The isolate growing in
the presence of 2-toluic acid was not stimulated by low concentrations (0.05%
and 0.10%) while 0.30% inhibited its growth. The growth of the p~-am1nophenyl-
acetate-uti lizer was about the same at 0, 0.05 and 0.10*, but it was markedl y
stimulated at 0.30%. The ~-anIslc ac i d-utilizing bacterium was stimulated at
0.05% and 0.10% but nearl y comp le tel y inhib i ted at 0.30%. None of these micro-
organisms grew in the absence of growth factors .

Since the ability to oxidize £~.!~ .-substituted aromatics may ind i cate the en-
zymatic capacity to remove the 2~~~-substituent , the potential metabolism ofDOT analogs, known DDT metabolic products , and a few related chemi cals by nine
of the marine bacteria will be stud i ed. Isolates particularly active in ox i-
dizing chlor i ne-substituted molecules will then be tested for dechiorinase ac-
tivity by direct measurement of chloride release. If metabolic products accu-
mula te and can be crystallized , their identity will be determ i ned.

Ox i da t ion of compounds related to DOT ~~ a marine bacterium. An Isolate ob-
tained from enrichments containThg p~-aiiFsTc acid was tested for its ability to
oxidize compounds related to DDT. Standard manometric procedures were used
(28). The bacterium was grown in two 500-mI flasks , each contaIning 250 ml of
basal sea water medium supplemented with 1* glucose and growth factors but no
2-anisic acid. The cells were removed from the growth medium by centrifugation
and washed twi ce with sterile sea water. The fi~’al cell suspension in Sea water
contained 3.2 X 10 11 cells per ml , and each Warburg flask rece i ved a 0.5 ml por-
tion. Two micromoles of each potential substrate listed in Table 6 was added
in an acetone solution since most were not sufficientl y water soluble. The ace-
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Tab l e 4. Results of enrichment culture for isolation of microorganisms able
to use ~~j~ -substituted aromatlcs as sole sources of carbon and
energy.

Positive
Class of Subs t l tuen t in Actua l compound Total no. growth
compounds ~~~~~~~ posi tion used of Isolates response

-NH2 a-Amlnophenol 3 0
-N02 ~-Nitrophenol 5 0

Phenols -CH3 ~-Cresol N N
-OCH3 ~-Methoxyphenol 4 0

-NH2 ~-AminobenzoIc acid 1 1*
-N02 a-Nitrobenzolc acid 1 0

Benzolc acids -CII3 a—Toluic acid 2
-OCH 3 &-Anislc acid 1 1*

-NH2 ~-Tol uene 2 0
-N02 p~-Ni trotoluldine 3 0

Toluenes -CH3 ~-Xy l ene 4 0
-OCH 3 ~-Methy lan i sole 2

-NH2 Benzidine 3 0
-NO 2 4,4’ -Dinltrobipheny l 7

Bi pheny ls -CH3 ~ ,~~‘-Bftoiyi 8 0
-OCH3 1s,4’-Dlmethoxyb i pheny l 7

-NH2 ~-Am i nopheny lacetic acid 6 2*
-P402 ~-Nitropheny l acetIc acid 1 0

Pheny lace t ic acids CH 3 ~-To1ylacetic acid 0 0
-OCH 3 ~-Methoxyphenylacetic acid 2

P4 a Not tested.
* a Chosen for further i nvestigation .
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Table 5. Typica l growth responses of bacteria to various concentrations
of aromatic compounds

00550 after 300 hr incubation

2-Toluic acid ~-Anisic acid p~-Aminopheny l acetic
Conc . (% ) uti lizer utilize r acid utilizer

0 0.14 0.13 0.14

0.05 0.15 0.22 0.17

0.10 0.17 0.37 0.14

0.30 0.08 0.02 0.37
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tone was evaporated under a stream of nitrogen gas, and sea water was added
to the residua l dry chemical. The compounds tested were : (a) DDT; (b) known
metabolic products of DDT---DDD , DDE , DDA , DBP , DBH , 0DM , and PCPA ; and (c)
DDT analog s and structurally related molecules---methoxychlor , b is (4-hydroxy-
pheny l)methane , l ,l-d i phenyl-2,2,2-t richloroethane , 4-hydroxyd i pheny lme tha ne ,
~,-hydroxybenzophenone, benzophenone, 4-chlorobenzophenone , benzhydro l , 4-chloro-
benzhydrol , 4-chlorobensoic acid , ~-am i nophenylacetic acid , ~-aminobenzoic acid ,
~-methoxybenzoic acid , o, ~-methoxyphenylacetic acId , and phenylacetic acid.

Some of the results of this preliminary study are presented in Tables 6 and 7
Endogenous 02 uptake has been substracted from all va l ues presented. The re-
sults ind i cate that this bacterium could oxidize p,-chlorophenylacetic acid and
pheny lacetic acid , and some of the other compounds may have been o x i d i z ed as
well , In future stud i es, the cells will be grown in the presence of the
substituted aromatic to insure induction of requisite enzyme systems and 02
uptake will be measured over a longer period of time .

Relation of chemica l structure to biode~gradab llIty . The use of biologica l
oxygen demand as a measure of biodegradability offers one major advantage to
manometric techniques : long incubation periods are practical. indeed , prolonged
i ncubation may be necessary to measure degradation of recalcitrant molecules.
Reliable results can be obtained providing the inoculum is small and the amoun t
of substra te to be tested is adjusted to such a leve l tha t complete ox i dation
results In nearl y total dep le ti on of the dissolved 02 in the bottle. Nitrate
and nitrite levels in all bottles showing 02 consumption were measured to show
that 02 depletion was not due to nitr ification . In these stud ies, the i noculum
consisted of 1.0 ml of a 1:100 dIlution of soil. The BOO bottles contained
about 7.6 mg dissolved 

~~ 
A t regular  ti me i ntervals , the 02 leve l i n sele cted

bo tt les was measured w it h an 
~2 

meter, and the bottle was then discarded. Each
point in the figures represents the data from a single SOD bottle.

The results obta ined with various di pheny l metha nes are dep icted in F i gure 6.
Unsubstituted di pheny l methane or ~,-hydroxyd l phenylmethane resulted in nearly
comp le te dep le t ion of 02 from the 800 bottles. When both rings contained ~~~~~~~~
substituted nitro , chloro, or even hydroxy l groups , however , li ttle or no degra-
dation occurred.

Si milar results were obta i ned with various benzophenones. As shown In Fi gure
7, benzophenone and the two mono-substituted b.nzophenones tested were biode-
gradable. On the other hand , l it t l e  02 was consumed if both rings had substit-
uents at the para positions ; that is , they were resis tant to biodegradation under
the test condItions.

When phenylacet ic acid was the substrate In the BOD bottles , essentially all of
the dissolved 02 was consumed in 2 days. However, no biodegradation was evi-
dent when several other para-substItuted compounds were tested by the BOD tech-
ni que (Figure 8). In addition , unsubstituted d phenylbenzhydrol appeared re-
sistan t to biodegradation as assay by the BOO system. On the other hand ,
microorganisms able to grow on this chemical have been obtained. These studies
ind i cate that ara-subst ltuents on aromatic rings Increase resistance of the
chemicals to in cr ial attack , w i t h  2~!!-substltu ted chlorine being one of the
more effectiv, means of slowing microbial attack. 
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Table 6. Ability of isolate 8b to oxidize ~~,~~-substItuted aromatic compounds .

02 consumed , ~mole
E-Methoxy- E,-Am i nopheny l- p,-Methoxyphenyl- ~,-Hydroxy- Pheny I -

Minutes benzoic acetic acid acetic acid benzophenone acetic
acid ac id

30 0.2 0.0 0.1 0.0 1.7

60 0.0 0.0 0.2 0.5 2.4

90 0.6 0.1 0.3 0.7 2.6

120 0.8 0.1 0.8 1.0 3.3

145 1. 1 0.3 0.8 1.4 3.4

Calc* 17 18 20 29 18

*Q~~ntity of 02 for complete oxidation of 2 ijmoles of substrate.
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Table 7. Abil ity of isolate 8b to oxidize ~~,~~,-substituted aromatic compounds

02 consumed, i.imole
i nobenzoic

M inutes DDT DDA PCPA Methoxychlor acid

30 0 0.2 3.3 0.4 0.0

60 0.2 0.4 5.0 0.7 0.0

90 0.3 0.5 5.6 0.8 0.1

120 0.7 0.8 6.1 1.3 0.1

145 0.7 0.9 6.6 1.3 0.3

Calc * 30 30 17 36 14

*Quantlty of 02 for complete oxidation of 2 umoles of substrate .
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Factors affecting DOT biodegradati on in marine waters. The environmental
factors now be i ng tested for their influence on DOT degragation are : (a)
salin lty--- l.01 5, 1.022, and 1.035, (b) temperatures of 4 , 15°, 23°, and
320 C; (c) the addition of carbon sources to surface waters---25 mg of algal
cells (lyophi li zed Cyiindrospermum ), 1.0 m l of raw sewage, and 0. 02 m l DPM ;
(d) the same additions to a surface water-mud model ecosystem ; (e) the same
additions to a surface water-sand mode l ecosystem ; (f) aerobic conditions;
(g) anaerobic conditions; and (h) water—saturated marine sediments---grave li y
coa rse sand , f i n e  sand and f i ne sandy l oam. Six 125 ml bottles are used for
eve ry var i able , and each bottle contains 75 ml of sea water or sea water plus
sediment. The dipheny lmethane was added either at the start of the incubation
or at the start and again at 2, 5, 8, and 12 weeks. Information on the
effects of these additions on the abili ty of microorganisms to metabolize
DDT may enable more meaningful predicti on of the behavior of DDT in various
marine situations.

DOT was added to each bottle to a fina l concentration of 50 i~g/ml. The incu-
bation was at 23 C in the dark , unless otherwise stated. At 0, 2, 5, 8, 12 , and
27 weeks , one of the six bottles for each variable was removed and placed in the
freeze r for later ana l ysis. The procedure for extraction and concentration of
these samples is sumarized in Figure 9. The extracted samples are currentl y
being ana l yzed by gas-li quid chromatography on 3% OV- ! and iO% 0C200. Prelimi-
nary determinations made of the 1 2—week samp l es ind i cate that little or no trans-
formation of DOT occurred in some of the test conditions while rather extensive
al teration was apparent in others .

C. DISCUSSION

A wea l th of data documenting the conversion of DOT to ODD and DDE exists in
the published literature. These products have been found in soil , wa ter ,
plants , and animals. Although these compounds can be generated by photochemical
reactions (21 , 26), most of i t seems to be the resul t of b i olog i cal ac ti on ,
princ i pall y that of microorganisms . In addition to the transformation to DDD
and DDE , other and more extensive alteration s of DDT have been reported. Such
DOT metabolites as l-chloro-2 ,2-bis(~,-’ch!orophenyl)ethy1ene (DDMU), unsym-2,2-
bis(p-chloropheny l)ethylene (DDNU), l-chloro-2,2-bis(2.-chlorophenyl)ethane
(DDMS1, 2,2’-bis (E-chloropheny l)methane (DDI4), 1+ ,1s ’-dichlorobenzophenone (DSP),
4,4 ’ -d l chlorobenzhydro l (DBH), 2,2-bis(~-chlorophenyl)acetlc acid (DDA), and
~,-chloropheny1acetic acid (PCPA) are generated In model freshwater and sewage
ecosystems under controlled laboratory conditions (25). Most of these metabo-
l i tes have not been isolated from marine environments , but th i s  may result from
the minute amounts of the intermediates accumulating in nature .

Except for a report that DOM can be transformed directly to PCPA by microorga-
nisms (14) , no evidence for ring cleavage products from DDT has been reported .
Recently two I ndependent research groups isolated and Identified bis(~ -chloro-phenyl)acetonitrile from sewage amended with DOT (1 , 17). The fate of this
compound in nature and its toxicity have not been described.

DOT and DOE have been detected and reported to accumulate in mari ne env i ron-
ments along with DDT (9). Whether these compounds were generated by the ac-
tivIty of microorganisms or by photochemical reactions Is not known. However,
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Fi gure 9. Scheme for extraction and preparation of samples for ana l ysis
by gas-li quid chromatography .

Frozen Sample

I Thawed

4, Fil tered (Whatman no. 42)

I 1
Filter pad Filtrate

(Air dried I~~d i ~ to pH 1 .6
Hexa ne ex trac ted Hexane extracted

i~3,
Flash evaporated

50 ml Hexane extract 75 ml Hexane extract
Combine

f F i l tered thro ugh Na 2S0~Flash evaporated

25 ml Dry Hexane extract 
-

Remove 1 ml
Treat with 6C1 3-methano l
Dilu te to 25 ml

D i lu ted , me th y l a ted

GLC Ana l ysis
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Pat i l e et al . (24) have shown tha t marine microorganisms have the ability to
convert DOT to such products. Some of their Isolates were noted to synthes i ze
DDOH and DDNS as well as DOD and DDE. Products of more extensive degradation
have not been reported in marine waters.

Co~isidering the large literature on DOT , its persistence in nature , and its
concentration through food chains , it is surprising tha t the fate of onl y one
of the 14 carbon atoms in the molecule is known. This may partly result from
the widespread use of hexane extraction procedures , and consequentl y onl y
hexane-soluble molecules are characterized. By contrast, Anderson et a l . (3)
isolated a fungus , M. al ternans, which was hig hly effective In converting DOT
to water-soluble rather than hexane-extractable products. These compounds may
represent new groups of DOT metabo lites which mi gh t be generated by pathways
of degradation not heretofore characterized . Recentl y, Mi yazaki and Thorsteinson
(22) reported tha t Nitzschia and another diatom converted DOT to DDE and an un-
identified water-soluble product.

Pre l iminary characterization of the M. alternans metabolites revea l ed tha t they
are not DDA , DBP , DBH , or PCPA (4 , l~). On the basis of their mass spectra , these
products do not contain chlorine . If i ndeed devoid of chlorine , the compounds
no doubt serve as a carbon or energy source for some microorganism and thus would
be decomposed in nature.

Juengs t and Alexander (18) investIgated the ability of a number of marine micro-
organisms to convert DOT to water-soluble products. They reported tha t nearl y
one-half of the marine kolates examined transformed 5 to 10% of the added DOT
to water-soluble products in 8 to 18 days . Nevertheless , when model marine com-
munities were examined , no water-soluble products of DOT metabolism were detected
in 5 weeks of I ncubation . Solub ilization was not enhanced when about 80 different
carbon sources were added to these model ecosystems in a tota l of 100 dIfferent
treatments . it is not yet clea r why half of the microorgan i sms In the waters
are able to metabolize DOT, as Indica ted by pure culture stud ies, yet the process
is not rapid in the natura l ecosystem . In this regard , I t is of Interes t that
when a DDT-treated field was Inoculated with M. alternans, no DOT degradation
was apparent (5).

The microbial formation of the benzhydrol ether from benzhydro l raises some in-
teresting and ecolog i call y important questions , particularly since one of the
products of microbial metaboli sm of DDT is DBH , the chlo r ina ted deri va t ive of
benzhydrol . If the ha l ogenated analog Is b i olog i c a l l y converted to the chlori-
nated benzhydro) ether , i t may be more resistant to biodegradation than DDT or
DBH or be toxic to a different group of organisms . Furthermora, t h i s  f i nd i ng
suggests the possibility that the disappearance of a compound like a benzhydrol
may not reflect degradation but rather a dlmerizat ion or the formation of some
conjugate of the paren t compound.

The present report demonstrates that pare substituents on one of the two aro-
matic ring s increase the mo1ecuIe~5 resistanc. to biolog i cal attack . When both
rings had such substituents , the molecule was even more persistent. Although
chiorl nes are known to be associated with resistance , similar resul ts were ob-
ta i ned with hydroxy l , ni t ro , and amino groups .
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Two biochemica l mechanisms of ring cleavage are widespread . Ortho-cleaving
oxygenases are conynon but are extremely sensitive to the presence of sub-
stituents on the aromatic ring, particularl y 2~L~.

-substituted chlorines.
Meta-cleaving oxygenases are less coninon but are not as seriously affected
by ring substituents (13) . However, meta-cleavage typically yield s intensely
colored muconic acids (10 ,13, 15), bu t to da te no such mucon ic ac i ds ha ve been
demonstrated to result from DOT metabolism.

Remova l of the p~ra-substItuted chlor i ne by a dechlorinase enzyme (16) or by
a change in the location of the group to the mete position by the NIH shift
(10) may promote DOT biodeg radation . It is noteworthy tha t enzymes often act
upon a small group of structurally related substrates . Thus , Cory and Suhadolnik
(11) found that adenos i ne deaminase , which catalyzes the removal of am i no groups
from adenos ine , can a lso  cleave a ch lo r ine  loca ted In p lace of the amino group.
The Km for thi s  enzy me was 8 X l0~~ 14 and 6 X lO~~ M for the amino and chlorocompounds , respectively, whereas the Vmax for the chlorinated analog was one-
fourth tha t of the amino substrate .

Since other enzymes remov i ng carbon-linked substituents may exhibit a similar
capac ity to effec t a dechlor i na t ion reaction , a numbe r of mar i ne bacte r ia abl e
to grow on p~ra-substituted aromatic compounds were isolated . Testing of these
organisms for dechlorinase activity and their ability to metabolize DDT and its
known metabolic products is being conducted .

Attempts to Isolate microorgani sms able to use 2~.!~~
-substituted aromatics as

their sole carbon sources were unsuccessful. It may be that these microbes
need a ser i es of growth factors in order to grow on aromatlcs , bu t Crawford
et al. (8) noted tha t some of the ch l or i nated and non-chlorinated aromatics
they used inhIbited microbial growth at levels above 0.025%. Consequently,
microorganisms able to use £~i.~-substituted aromatics as sole carbon sourcesmay exist , but they may not appear in enrichments containing the usua l concen-
trations of carbon sources.

Enzy mes wh i ch could catalyze the dechlorination of DOT mi ght not be active in
the sea. Thus , if the Km of the putative dechlorinase Is high , the 2~~~-sub-stituted aromatic would also need to be present In high concentrations for a
reasonably rapid reaction to occur , but the chem i cal may be tox i c, in so lub le
in water , or both. On the other hand , microbial cells may have mechan i sms to
concentrate DDT to allow a reaction to take place , even though the concentra-
tior of DOT in solution is extremely low. Microorganisms able tc’ accomplish
this feat must be relative l y rare, wi tness the persistence of the pesticide.

Water-solub ility of DDT also probably contributes to its resistance to micro-
bial attack , and its high lipid sol ub lli ty (2) may fu ther enhance Its per-
sistence. Its solubility in water Is about 2 x 10-9 14 (4). Woodwell et al .
(29) estimated the tota~ concentration of DOT In the blota of the world in the
late 1 960’s to 5.4 X 10 kg. Much of this DDT Is associated with lipids , and
the accumulation of the pesticide In lip ids bound in tissues may protect the
i nsec ti cide from microb i al attack since the tissues are free of microorganisms.
When the tissues undergo decompositIon , however , the DOT is exposed for micro-
bial attack. Still , if the time needed for decomposition of DOT Is long , It
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may be rethcx rporated into the lipids of other organi~ ns before appreciable
destrtrtion occurs . Indeed , the failure of natural microbial cczmninities to
degrade D(Yr, while pure cultures ~~re active, may have resulted in a cor~ en-
traticri of the cF~ nical by the ry n-degraders , thereby shielding it fran at-
tack.

To help provide a basis for predicting the fate of DDT in marine environments ,
a nu~ er of envirornental variables were examined to detennine which might in-
fluence microbial nx)dificaticri of the insecticide . Fk~ efully , the results will
be of value in anticipating what might take place in estuaries, areas polluted
with s~~age , warm vs cx ld seas, and in areas of differing salinity. These fac-
tors ass~ e is~çortance since DOT applied to soil probably acc~ztnilates in the
sea (12,19 ,29). Once in the oc’~an, the pesticide residues becxzie associated
with organic material (19) and slady sink into the abyss, where they m a y  per-
sist for tiuisands of years. If marine microorgani~ns transform DOT to water-
soluble, biodegradable cxz~ ounds on route to the abyss, such an acciimilation
~~uld not occur . It is hoped that sanpies fran the abyss can be obtained next
year to assess whether DtY~ or its metabolites are present.
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III. Section 3

A. MATERIALS AND METHODS

C ultures. Inorganic solution s conta i ned di pheny i me thane , benzhydrol and

analogues of ~-chioropheny l acetic acid in order to isolate microorganisms cap-

able of utilizing these substrates as sole sources of carbon and energy .

Pseudomonas putida was grown on 0.4% (v/v) diphenylmethane-mlne ra l salts broth

containing 10 ml 1 14 Na2HPO 4, 4.0 ml I H Kfl2P0~,, 10 ml 1 14 (NH4)2S04, 1.0 m l

20% MgSO 4.7H,O, 1.0 ml 0.05% FeSO , 1.0 m l 0.05% Ca (N03)2, 4.0 ml di pheny l-

methane and water to make 1.0 liter (pH 7.0).

Marine model ecosystems. To establish the model ecosystems , surface wa ter

was obtained from Sagamore Terrace Beach in Westbrook, Conn., and sediment was

collected from three sites In Saybrook and Westbrook, Conn.: gravell y coa rse

sand from Sagamore Terrace Beach, fine sand from Old Kelsey Point Beach, and

fine sandy loam from the mouth of Back River. The surface water and sediments

were transported back to the laboratory , and the model ecosystems were estab-

l i shed within 48 hr of sample collection . Three model ecosystem types were

established , one contai n ing 75 ml of sea water, another 75 ml of sea water

plus 50 g sediment , and the last with 75 ml of flooded sediments. These were

placed In 125 ml wide-mouth screw—cap bottles , and s i x separa te bott les were

used for each variable.

Preparation of samples of model marina ecosystems. Each of these mode l

ecosystems received 3.75 mg of DDT in 0.25 ml acetone. Unless otherwise noted ,

all bottles were I ncubated in the dark at 23°C. One of six bottles for each

variable was removed at 0, 2, 5, 8 12 and 27 weeks of i ncubation for ana lysis.

In some instances , organic carbon was added to the bottles In the form of 25

mg of Iyophllized Cylindrospermum cells , 1.0 ml of raw sewage or 0.02 ml of

dl phenylmethans.
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The samp l es taken for anal y s i s  were f i l te red , and the filtrate was acidi-

fied to pH 1.6. Both the filt er paper containing sediments and filtrates were

extracted with hexane , d r ied over anhydro us Na 2SO and concentrated to 25 m l.

One milliliter of the concentrated hexane extract was used for rnethylation

with 2.0 ml of BC1 3-methanol (App l i ed  Science Labora tor ies , State College , Pa.).

The methylated and nonmethylated products were then extracted with hexane , and

the vo l ume was brought to 25 ml. The samp l es were examined by gas-liquid chro-

matography without any further clean-up.

Manometry . Standard manometric procedures were used (8). Each Warburg

flask received 2 ~imo1es of substrate in 2.5 ml 0.1 14 phosphate buffer in the

main compartment , and the side arm received 0.5 ml of cell suspension . In eco-

sys tem resp i ra t ion experime n ts , the main vessel received 4.0 g of air-dri ed

Lima l oam mixed wIth 1 10, t OO , or 1000 ppm of DDT analogues and 1.0 ml dis-

t illed water , and the center wel l  recei ved 0.2 ml of 20% KOH.

Chlorophyll assay. The al gal cells were centrifuged from 5.0 ml of the

bro th , and the pellet was extracted with 5 ml of 1* diethylether-methano l .

The absorbance of the chlorophyll extract was measured at 665 nm using a Beck-

man DB-G grating spectrophotometer.

Thin-layer chromatography. The products of ~-chlorophenylacetic acid

cometabolism were separated on chromagram sheet 6060 silica gel containing a

fluorescent indicator. The products were separated by two-dimens i on chrome-

tography us i ng ethanol:water (80:20) and toluene:ethy l formate:formlc acid

(5:4:3) as solvents.

Gas-li quid chromatography. A Varlan Aerograph 1 740-20 gas chromatograph

equipped with 63 N1-.lectron capture and 142-flame ion i zation detectors was used.

- 
-~~~~~~~~~—~~~~~~~ - -— ——--—.
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Two different Pyrex glass col umns of 0.3 X 183 cm length were emp loyed . One

of the columns was packed with 3% OV-1 on gas-chrom Q, AW , DMCS , 100/120 mesh ,

and the other conta i ned 10% DC 200 on gas-chrom Q, AW , DMCS , 100/120 mesh.

The operating conditions were 205°C , 180°C , and 260°C for the injector , col umn ,

and detector , respectively. The flow of N2 gas through the col umn was adjusted

to give a retention time for DDT of about 20 mm for the OV- l column and 25 mm

for the DC 200 col umn .

Gas-liquid chromatography-mass spectrometry. A Finn i gan 3600 series gas

chroma tograph-mass spectrometer coupled with a PDP-8 data system was used to

obtain the mass spectra of various cometabolic products. The gas chromatograph

was equipped with a 3% OV-1 glass column .

Infrared spectrometry. Infrared spectra were obta i ned on 0.5 to 1.0 m g

samples incorporated into 50 mg KBr mini-discs us i ng a Beckman hR 10 infrared

spectrophotometer.

S ii ylation of samples for gas chromatography. The come tabo l i c  produc ts

of DDT-analogue~ were silylated by the addition of 0.1 m l Regisi l -l (Regis

Chemical Co., Ch i cago , Ill .) to 1.0 mg of dried sample. The samples were di-

luted with hexane or d ethy l ether.

Chem i cals. l ,l ,l-Trichloro-2 ,2-bis (~-ch1orophenyi)ethane (DOT), i ,l-di-

chIoro-2,2-bls (~-chlorophenyl)ethane (ODD), l ,l-d ichloro-2 ,2-bls(a-chloropheny l)-

ethyl ene (DDE), bis (~-ch1orophenyl)acetic acid (ODA), 4,4 ’ -dlchlorobenzophenone

(DBP) , 4,4’-d ichlorobenzhydro l (DBH), dipheny l methane (DPM), and ~-chloropheny l-

acetic acid (PCPA) were obtained from Aldrich Chemica l Co., Pla inview , N.Y.

B is(g-chloropheny l)me thane (DON ) was purchased from Eastman Organic Chemicals ,

Rochester, N.Y. l, 1 ,l’ ,l ’ -Tetrapheny ldime thylether was synthes i zed by the

method of Pratt and Draper (5) .

-. - - -
~ 

-
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B. RESU LTS

Isola tion of cometabolic products of DDT-analogues. Pseudomonas p !tida,

an organism capable of utilizing dlpheny lmethane or benzhydro l as sole source

of carbon and ener gy ,  was used to detect the formation of products of DDT co-

metabolism. This bacterium was chosen because of its ability to cometabolize

known intermediates of DOT metabolism such as bis (~-chloropheny1)methane ,

4,4- dichlorobenzhydrol , and 4,4’-dichlorobenzophenone. These compounds and

also dipheny l methane , benzh ydro l , 1 ,1 ,1’ , l’ -tetraphenyldimethyiether , b is(p~-

chlorophenyl)acet ic acid , and DOT were prov i ded as subs tra tes in stud i es of

cometabolism. The tetraphenylether , a compound we have found to be produced

i n di pheny l methane met abo l i sm , was included in order to establish the blo-

logica l breakdown of th s compl ex ether. The bacter a were grown in large

quantities , and res t in g ce l l s  derived f rom the bro th were i ncuba ted wi th the

nonchlorinated and chlorinated molecules for 4 and 7 days , respectivel y. The

p roduc ts were isola ted by extrac t ion techn i ques. The metabo lites then were

silylated , and mass spectra of each component were obta i ned. The many products

isolated are given in Table I. There were many products of unknown iden tities

from di phenylme thane , DDM and DBH.

Studies of p-ch1orophenyIacetic~~cld cometaboflsm. In studies of the deg-

rada t ion of p-chlorophenylacetlc acid (PCPA), a produc t of bis(p-chlorophenyl)-

me thane decomposi ti on , many bac terial Isolates were obta i ned on nonch lorlnated

analogues of PCPA . These included phenylacetic acId , p-hydroxyphenylacetic

aci d and ~-methoxypheny1acetic acid. Analogues containIng am i no, ni tro or

chlor ine substituents In the para position were found to be toxic , and no bac-

terial isolates could be obtained by the methods used. The compounds were 

-.
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TABLE I

Produc ts forme d in the cometabo l i s m of DDT ana lo gues

by Pseudomonas put ida

Substrate Product

DPM Benzhydro l, phenylacetic acid

Benzh ydroi Hydroxy benzhydrols

Pheny l g lyco l ic ac i d

Hydroxybenzophenone (7)

1 ,1 ,1 ,1 ‘-Tetrapheny ldlme thy l ether Benzhydro l

Benzophenone

DDM Benzophenone

DBH

DBP

DBII Benzophenone

Benzhydrol

DBP

DDA DDM

DBH

DBP

DOT One un i den tified product

-— — .— — ~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~— - —



64

toxic even at a concen tration of 100 ~g/ml . Resting cells of one of the bac-

terial isolates obtained on phenylacetic acid consumed 1.56 umoles of 02 per

imole of PCPA In Warburg respirometers , ind i cating its ability to cometabolize

PCPA . This bacterium was grown in a med i um containing 0.1% pheny lacetic acid ,

a nd res ting ce l l s  free of res i dua l phenylace t ic ac i d were obta i ned by washing

with 0.1 14 phosphate buffer (pH 7.0). These cells were incubated wi th PCPA

for 6 hours , after wh i ch the cu l ture supernatant was extracted with diethy l-

ether. The resultant concentra ted ether extract was placed on thin-layer plates

and deve loped in tol uene:ethy l formate :formic acid (5:4:1). Two products of

PCPA metabolism were detected , and the spots corresponding to these products

were scra ped from the TLC p la tes and d i ssolved sepa ra te l y in ether. A portion

of these components were silylated and subjected to GLC -mass spectrometry. One

of the products was found to be a monohydroxy lated chloropheny l acetic acid.

Work is underway to determine whetner the hydroxy l group is l ocated on the

r ing or the side chain of the molecule.

Effect of env i ronmental conditions on 001 degradation in model marine

ecosystems. To provide a basis for predicting the fate of DOT in the ocean ,

a number of env i ronmental variables were examined to determ i ne wh i ch might

influence microbial modification of the Insecticide . The variables stud i ed

i ncl ude s a l i n i ty , temperature , oxygen tension , presence of sediment , and

availability of various organic nutrients and algal cells. Analysis for the

products accumulating in the various test ecosystems revealed no metabolites

in the surface water: (a) incubated at 4
0

, 150, 230 or 320; (b) havin g salin-

i ties equivalent to specific gravities of 1.015, 1.022 or 1.035; (c) mainta i ned

under anaerobiosis or under aerobic conditions; or (d) amended with sewage or

- S— fl— -- r ~~~~~~~~~~~~~~~~~~~~~~ - - - -~~~~~ - - - —
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with dipheny lmethane at regular intervals. It is ev i dent from the summary

presented in Table 2 that products did accumulate in some of the model eco-

systems , however. In model ecosystems receiving the alga cy)indrospermum sp.

or d iphenyimethane (a structural ana logue of DDT), DDD , DDE and DBP were

formed from DDT .

DDD was found in every instance where Cy l indrospermum sp. was added to

mode) ecosystems. In the surface waters containin g the alga and in surface

water-fine sandy loam model ecosystems, about 2 to 11% of the DOT was converted

to DDD. By contrast , no conversion of ODI to ODD was evident in the unamended

surface water-sedimen t model ecosystems. Not only the extent but also the rate

of ODD formation in the presence of algae was affected by the type of sediment.

Supplementation with diphenylmethane as one or as a series of amendments

resulted in nearly identica l rates of conversion of DOT to ODD. Addition of

sewage to the surface water-fine sandy loam ecosystem also stimulated the pro-

duction of DOD . The conversion of DOT to DDE took place In the surface water-

f ine sandy loam ecosystem. After 12 weeks , DDE was detected in the samples

amended with Cylindrospermum sp. cells or sewage, bu t on l y the la tter marked l y

stimulated this conversion .

I n the flooded sed iment , the average rates of DOD formation during the

first 5 weeks of i ncubation were 142 , 92, and 52 ug/week for the flooded fine

sand , f in e sandy loam, and the gravelly coarse sand , respectively , In the

gravell y coarse sand , the rates of disappearance of DDT and of appearance of

ODD were nearly dentIcal . In addition to ODD and DDE , a compound wi th the

chromatographic characteristics of DBP was detected in waters receiving the

Insecticide (Table 3). However , a chroma tograph i ca ll y similar compound was

present in the sample at 0 time so that the compound may merely be a constit-

--___________
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TABLE 2

Products of DOT in model marine ecosystems

Test ecosystem Amendmen t Product detected

Surface water çylindrospermum cells DDD

Su rface wa ter and None None

fi ne sand Sewage None

Cylindrospermum cells ODD

OP4 None

DPM~. DOD , DBP

Su rface wa ter and None ODD

fine sandy loam Sewage DOD , DDE , DBP

Cy lindros permum cells DOD , DD E

DPM~
. DOD , DBP

DPM~’ DDD

Flooded sediments :

Oravelly coarse sand None DDD , DBP

Fine sand None ODD , DBP

Fine sandy loam None DDD , DBP

~Added a t the beg inning of i ncubation.

.
~Added at 0 , 2, 5, 8, and 12 weeks.



67

uent of the water and/or the sediment (Table 3). On the other hand , the leve l

of t his compound Increased markedly in two of the incubated flooded sed i ments ,

suggesting tha t the unknown may i ndeed be DBP .

Ecolog i ca l effects of DDT and its ana l ogues. Studies on the ecol og i ca l

effects of DOT and its products were carried out by measuring respiratory ac-

tivities of samples of natura l microbial coniiunlties and by assessing the ef-

fect on alga l produ ctivity (expressed as the ch.-inge in chlorophy ll content of

the tota l biomass) using Chlorel la vulgaris as the test organisn~. ODD , DBP ,

PCPA , and DDT had no effect on comnunity resp i ration at concentrations up to

100 ppm. DDE , DOM , DBH , and DDA inh ibited oxygen uptake considerably at con-

centrations of 100 ppm and above. There was a stlmulatory effect on community

respiration rate with 0DM and DBH at concentrations up to 10 ppm .

Nei ther the intermediates of DDT degradation nor DOT itself had an ad-

verse effect on algal productivity. Conversel y, bis(~-chlorophenyl)methane ,

4,4 ’ -d ichlorobenzophenone , 4,4’-dichlorobenzhydro l , bis(~-chlorophenyl)acetic

ac i d , PCPA and DOT enhanced al gal productivity.

C. DISCUSSION

Wedemeyer (9,10) was the firs t to report the sequential degradation of

DDA to DDM , DBH and DSP us i ng whole cells or cell-free extracts of Klebs ielia.

The r ing cleavage of bis(2,-chloropheny l) methane to ~-ch iorophenylacetic acid

was the first case of extens i ve degradation of DDT , and th i s  was repor ted by

Focht and Alexander (2). The present data on chlorinated Intermediates confirm

the pathway :

DDA -
~~ DDM DBH -. DBP .

The formation of benzyhdrol and benzophenone from chlorinated products

generated from DOT ind i cates a direct dechlor i nation of 4,4 -dichlorobenzhydrol 
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TABLE 3

Apparent DSP formation in mode l ma r i ne ecosystems

Weeks
Model ecosystem 0 2 5 8 12 27

Apparent DBP formed , ~g

Su rface water (control) 0.4 0.7 0.4 0.4 0.3 0.4

Sur face wa ter + al gae 43 11 34 26 0.8 2

Su rfac e wa ter + f i ne sand

+ sewage 22 8 10 9 0.7 2

+algae 6 40 68 5 5 5

+ DPM 38 22 20 0.3 9 13

Surface water + f i n e  sandy

loam 31 7 5 5 7 24

+ sewage 100 6 14 49 215 7

+ algae 28 110 42 3 7 21

+ DPM 55 18 9 28 57 7

Flooded sediments

Gravelly coarse sand 30 66 98 85 80 45

Fine  sand 469 1 1 67 1 845 2369 2534 1 54

Fine sandy loam 1)39 1557 2492 1347 1241 726

;- -
~~
--- --——-- - — — ~‘_~1~~__w— - —
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and 14 ,4’ -dichlorobenzophenone . This is the firs t report of such deha l ogenation

of ring chiorines derived from DDT. I dentification of the many products from

nonch lorinated ana l ogues (Table 1) suggests the pathways shown in Fi gure I.

It appears that Pseudomonas p~itida has an array of enzymes C r  a mult i fun ctiona l

ox i dase system capable of carry ing out ring hydroxy lations , side-chain hydroxy l-

ations , and ring cleavages. An analogy exists between the oxidation of di pheny l

methane to benzophenone with the hypothetica l reaction sequence involving pheny l-

acetic acid , pheny lgl ycolic acid and pheny lglyoxylic acid. Focht and Alexander

(2) found pheny l acetic acid (PA) and pheny lglyoxylic acid in the culture super-

natants of Hydro~enomonas sp. A nonsp !f Ic oxygenase may be invo l ved in the

conve rs i on of DDM to DBH to DSP ; DPM to BH to BP ; and PA to PGA to PGO. The

hydroxy lation of ~-chlorophenylacetic acid has not been reported previous l y,

and it seems possible that microorgan i sms are able to cleave the ring and de-

toxif y the molecule.

Patil et al. (4) reported that no products were found when DDT was added

to sur face wa ter from the open sea , es tuar ies , or shores of the Hawai ian  I s l a nds.

The present results with surface water from Long Island Sound exposed to a number

of d iffe rent environmen tal conditions confirm their find i ngs , except that DOT

was s lowl y converted to DOD in surface water to which algal cells were added .

Woodw e l l  et al. (ii) proposed that DOT transported to the sea associates with

algae and eventually Is carried to the abyss as the dead algae settle. The pres-

ent findings on DDT metabolism in the presence of dead Cylindrospermum sp. ind i-

cate that microorganisms associated with the non llv lng algae may convert a sub-

stantial quantity of DOT to DDD , the latter then accumulating . Consequently, DDD

might be expected to build up In the abyss along with DDT. The production of DBP

in flooded sediments and In other model ecosystems suggests that some of the ODD
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Tetrapheny I -

DiPhenYlrnethana< 

~1I~Iii>8em20Phem0ne
¶1 1

Phenylacetic .._...._.~~~~ Pheny i glycolic Phenyl glyoxylic
acid (PA) acId (PGA ) acid (PGO )

F ig. I. Pathway for the metabolism and degradation of DOT ana logues.

- - - r - -
_________________________
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can be further metabolized , presumably via the prev i ously descr i bed pathway to

yield DBP (3). The data show that the type of sediment and organic material

govern the rate of DDD generation . Thus, phy toplankton or carbonaceous materials

undergoing decay and possibly anaerobiosis may promote the transformation in the

sea.

Supp lt~mentation with dlpheny lmethane as one or as a series of amendments

resulted in conversion of DDT to ODD. Since di pheny lmethane resembles  DDT

structurally, I t may induce enzymes for DOT metabolism , i nduce transport mech-

anisms for its entry into cells or , because dipheny lmethane can serve as a

source of carbon and energy to some microorganisms , it may stimula te microo r-

gan i sms parti:ularly active In the transformation . in the flooded fine sandy

loa m , more DOT was recovered at latter periods of i ncubation than at earlier

intervals. It is known tha t DOT can bind to organic compounds (7) , bacterial

c e l l s , and algae (6), the bound DOT possibly becoming less ex trac table  tha n

the free chemical,and the greater recovery may reflect destruction of the or-

ganic material or cells retaining the chem i cal in a less extractable form.

Stud i es on effects of DOT and Its various metabolic products revealed no

significant influence on mIcrobial comun i ty respiration and alga l productivi ty.

Al though it is possible that the products of degradation are more toxic than

the parent molecule to one or more members of an ecosystem (I), the present

i nvestigatIons suggested that none of the products is toxic to microorgan i sms

at concentrations even higher than those usuall y found In the marine env i ron-

men t. 

~. .— ---——----~-————————— ~~~~~~~~~~~~~ - -—-———
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IV. Section 4

A. MATERIALS AM) t.~ fliOOS

Bacteria. Pseeda~ nas putida 1, Enterobacter 2 and Pse~.r3.aionas 3 were

obtained fran enrichi~ nts cx ntaining diphenyirrethane as sole source of carbon.

PsetxIcrcnas strains 4 and 7 and Alcaligenes 5 were able to utilize benzhydrol

as sole source of carbc*k. ¶I~~ mineral salts solution used in preparing the

enrid~rents and for testing the degradability of ~ YT n~tabo1ites is described

by Pf~~nder and Alexander (16). I~~ bacteria ware identified by cai~aring their

norp&x)logical , cultural and bioch~~ical characteristics with described bacteria

(5).

Fungi. Eleven fungi were obtained fran the culture cx llection of the

Laboratory of Soil Microbiology, Cornell University. M~~~r alternans, an or-

ganisn capable of ccnverting D(Y~ to water-soluble rretabolites (1), was kindly

provided by Dr. E. P. Lichtenstein, University of Wisx~nsin, Madison . All the

fungi were maintained on potato dextrose agar (DifaD) slants and were tested

for their ability to degrade I]Yr or its netabolites.

Preparation of trimethylsilyl (ThE) ether derivatives. Ether solutions

ccritaining 1 to 2 n~ of products ware placed in ~~~ll vials cx vered with screw-

caps fitted with rubber septa reinforced with nylon and backed with Teflon film.

1i~ ether was evaporated under a stream of dry N2. ~~~ san~ les ware dissolved

in a few drops of hexanes or pyridine dried over 3.3 X nolecular sieves (Fisher) .

Regisil—2 (Regis th~nica1 Co., Chicago, Ill.) was a~ 1ed to the san~ les at a

rate of 0.1 m1,~~ of c1~~nica1, and the tightly ca~çed vials ware left overnight

in the dark at 20 C or for 4 h at 60 C. i1~ reaction mixture was evaporated

under a stream of N2, rediseolved in ether or hexanes and injected onto the

cvltrti of a gas-liquid chrcznatograph.
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Gas-liquid chranatagraphy. A Var ian Aerograph g& -liquid chrcxnatoqraph,

ITodel 1740—20 (Varian Associa..es, Palo Alto , Cal .) ,  equipped with a flan~

ionization detector and x)ntaining a 183 an x 0.3 an cxiled Pyrex glass

ochlTul packed with 3% CW-l ocated on acid washed thn~ thylchlorosilane-treated,

100/120 nEsh Gas-Chran Q (Applied Scierce Laboratories ) was used . The t~ rpera-

ture of the cohrm was progranmi fran 110 to 180 C at a rate of 20 C / m m .

The te~çeratures of the injector and detector were 225 C and 240 C , respec-

tively. The gas fl~~ rates were 80, 50 and 400 mi/mm for carrier gas (N 2) ,

and air , respectively.

Mass spectrat~try. Mass spectra of products in solutions were obtained

with a Finnigan-3300 gas chranatograph-mmass spectrareter (GC-MS) equipped with

a Syst~ t~ -l5O data processor. fl~ san~ le spectra ware scanned at a rate of

or~ scan per secx ixl. The ionization voltage in the mass spectrareter was

70 eV. The gas chranatograph of the ~~up1ed cX~-+E systen was equipped with

a 0.3 an X 305 an long U-shaped glass oclum~ filled with 3% 01-1 ocated on

100/20 rash Gas-Chran Q. The in)ector te~perature was 250 C, and the ocltrn

was progranTad either fran 150 to 200 C at a rate of 10 C/him or fran 110 to

180 C at 20 C/mm .

thamicals. Analogi.es of !~Yr and biphenyl of highest purity ware obtained

fran Aldrich Qi~nical Co. , Milwaukee, Wisc.

Respircsatry. ¶1~ obtain the resting cells, Enterobacter 2 or Pset~~itonas

strains 3 or 4 ware gra~n in or~ liter of 0.5% glucose-mineral salts broth.

Cultures of P. putida 1 and Pset~~~~nas 7 ware gr~ in in one liter of trypti-

case soy broth (BBL) prepared at half of its reaimended concentration.

Alcaligenes 5 cells ware gr~~n in one liter of 0.1% BH-inineral salts broth.

11~ cultures ware gr~~n in 2—liter Erlemeyer flasks incubated on a ~~S gyro-
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tory shaker (New Brunswick Scientific Co. , New Brunswick, New Jersey) opera t-

mg at 180 rpn for 48 h at 30 C. The cells were harvested by centrifugation ,

washed six tines in 0.1 M pi~ sphate buffer , and resuspended in buffer. The

weight of resting cells ackled per respirareter flask were : 17.0 n~ for P.

putida 1, 9.0 n~ for Pseu~~ra~as 3, 12.6 n~ for Pseulatonas 4 , 7.7 rr~ for

Pseukironas 7, 10.8 n~ for ~~terobacthr 2 , and 14.0 ng for Alcaligenes 5.

Catethboli~ n of DUr and its netabolites by bacteria. The reaction mnediun

consisted of 50 ml of 0.1% substrate-mineral salts broth contained in 125 ml

ErleriTeyer flasks. ~~ flasks containing iDr also received 500 ng of uni-

formly ring-labelled 14C-DU~ (New &igland Nuclear, Boston, Mass.) of specific

activity 17.86 pCi/n~ . Control flasks containing 50 ml of mineral salts broth

irx:,culated with the bacterial cells ware maintained. Three 125—mi flasks each

containing 50 ml of uniroculated 0.1% substrate-mineral salts broth were in-

cloded as controls for ronbiological degradation of each DUF netabolite. The

grc~ th radia for obtaining resting cells of bacterial isolates and the anount

of resting cells a~~e1 into the reaction solutions are presented in Table 1.

Canetaboli~ n of DUr was tested with only four bacterial isolates , P. putida,

Pse~~~rcnas strains 3 and 7, and Alcaligenes 6.

The bacteria ware incubated in nedia containing the substrates for seven

days, and the solutions ware acidif ied to ~I1 2.0. ‘I~~ reaction mixtures ware

extracted three times in separatory funnels , once with a solvent mixture con-

taining 15 ml of hexanes and 10 ml of diethyl ether and twice with 20 ml. of

diethy]. ether. Pft~ three extracts ware pooled , dried and concentrated to

10 ml. One milliliter of this concentrated extract was used for silylation

with Regiail-2, a~~I the sasples ware analyzed by gas-liquid chrcinatography.

A 3% 01-1 coltzrr~ maintained initially at an ~ ren teiperature of 110 C and

____
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TA BLE 1. Bacteria used in the cornetabolic

studies on DDT meta’bolites .

Dry weight of resting cells
Organism added per 50 ml cometabolic

medium , mg

Pseudomonas putida 1~ 98
Pseudomonas 3~ 115

Pseud omonas 52

Alca1i~ enes 5~ 42

Alcaligenes 47
Pseudomonas 7~ 56

~ The resting cells were obtained by growing the

cultures in 0.05% DPM + 0.1% glucose-mineral
salts broth .

The resting cells were obtained by growing the
cultures in 0.05% Bil + 0.1% glucose-mineral
salts bro th .

- - - - — .  ~~~~~
— - 

_____ -L . 
, 
— — -
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then prograrm~ d to 180 C at a rate of 20 CAnin was used for analysis of the

products. The sanpies indicating new peaks on gas chranatographic recorder

traces ware analyzed by GC-MS.

The aqusous portions r~ naining after extraction of the DOT-salts broth

were saved. One-milliliter portions of these were added to scintillation

vials ~~ itaining 10 ml of scintillation cocktail. The cocktail was prepared

by mixing 5 g of PI~O (2 , 5-diphenyloxazole, Fisher ) ,  100 g of naphthalene and

dioxane to make one liter. The radioactivity of the sanpies was counted on

a Beckman LS—100 liquid scintillation systa~n.

Ccxtetabolisai of DOT and its netabolites by fungi. Twelve different fungi

were used: Aspergillus flavus strains 141 and 147, A. niger, A. COfliCUs,

Penicilliun brefeldianum, Schizophyllun sp. , Pycnidio~~ora dispersa, Cerco-

spora ory zae, Pyricularia oryzae, Thanateplorus cuctx~ ris, Mucor alternans

and a false m~ut fungus of rice. The ~~ etabolic substrates , the concentra-

tions used in the mineral salts broth and the anount of nedii.in used per flask

were the sane as in stuiies with the bacteria. Each fungus was grc~ n for 5

days in 500 ml of 0.5% glt~x se—minera1 salts broth of pH 6.0 anended with 4 .0

g of nutrient broth pawder (Difco). ‘I1~ fungi were washed free of nutrients,

and the mycelial mats ware ~u~ogenized by using a Servall C~~i-mixer. The

fungal mycelia were taken up in 50 ml of 0.1 M p~osphate ~ iffer of pH 7.2

and used as an iroculum by adding 8 ml of suspended mycelia (48 ± 5 n~ on a

dry weight basis ) for each flask containing 50 ml of 0. 1% IDr netabolite—

mineral salts broth . The fungi were incubated for 7 days at 30 C on a ro-

tary shaker. The contents of the flasks were extracted after adjusting the

pH to 2.0. The extraction procedure was similar to the one used in the bac-

terial st~xIies, e~a~ept that the mycelial mats were on Whatman ~~~~ . 1 filter 
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paper and extracted separately. The mycelial rm~ts collected on the filter

paper were extracted by shaking with a solvent mixture containing 15 ml of

hexanes arxi-lO ml of diethyl ether in a 50-mi Erlenneyer flask covered with

aluminum foil . The flasks were shaken on a rotary shaker for 2 h. The sol-

vent portion was s~~arated by filtering through Whatman t~b. 1 filter paper

and processed along with the solvent portions thtained during the extraction

of reaction supernatants . The solvent portions were pooled , dried over anhy-

drous 
~~2~~4 and concentrated by flash evaporation to 10 ml. A one-milliliter

portion of each extract was used for silylation. Tie silylated portion was

diluted to 10 ml with ether , and 1.0 ul of this was used for injection onto

a 3% CW-i colurr of a gas chrc~~togra~±. ~I1-e sanpies s1x~iing evidence for

new products were analyzed by GC-tE.

Products fran p-chlorophenylacetic acid. A strain of Arthrobacter able

to use phenylacetate was isolated fran lake water using an inorganic salts

solution su~plei~~ ted with 0.10% of the carbon source. When resting cell

suspensions of the bacterium fran a 48-h culture were incubated for 4 h with

2.0 unol of ~ -chloroptenylacetate in the Warborg apparatus , 4.8 unol of

were arimined.

A 300-mi portion of cell suspension was incubated with 200 unol of ~~~
-

chlorcphenylacetate on a rotary shaker at 28 C for 4 h, the cells were re-

noved by centrifugaticn , the supernatant fluid was acidified to pH 2.0 with

HC1, and the solution was then extracted with ‘~ther after adding 10 to 15%

N~~1. Portions of the ether extract were dried under a stream of N2, and

then 0.2 ml of bis (trimethylsilyl) trifltx,ro acetamide was added. Af ter 30

mm , about 0.5 to 1.0 ml of ether was added, arid the sanpie was injected

into a Varian 1700 gas chranatograph equipped with a f lane ionization de-

~

--

~

- - -
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tector and a 1.8 m X 0.32 an ~~him containing 3% CW-l on Gas Chra~-Q, 100/120

nesh (Applied Science Laboratories , Sta te College, Pa. ) .  ‘Tt~ operating tan-

peratures were 250, 150, and 260 C for the injector, coltmr~, and detector ,

respectively. The carrier gas was N2 at a f 1cM rate of 30-35 mi/mm . Later ,

the products were subjected to GC-+tS.

B. RESULTS

Evaluation of microbial ability to degrade D(Y~ intern~ 1iates and their

analogues by Warburg respircinetry. During the preliminary oxygen uptake ex-

periitents , the resting cells were obtained by grcMing than in 0.5% diplenyl-

methane (DPM)-mineral salts broth or 0.1% benzhydrol (mi ) -mineral salts broth .

The organ.is~~ thus obtained slx~ ed high endogenous respiration , which might

have masked any activity on chlorinated nolecules. One likely substrate for

the high eridogenous oxygen consu~ption was the oily DPM or insoluble crystals

of BH which could r~ t be r~~~ved easily fran the cells during washings with

~ x.sphate buf fer . ‘fle bacteria were therefore gr~~n in either 0.5% glucose

salts broth or half-strength trypticase soy broth . Resting cells of Aicali-

genes 5 obtained fran 0.1% BH-salts broth exhibited 1CM endogerous respiration

(4 iroles of 0
2 
in S h).

The oxygen cx*~suTption values reported belcM are averages of t~~ repli-

cated treatments and are corrected for erxk genous respiration.

The oxidation of DI)? netabolites and their analogues by P. petida is

presented in Fig. 1 arid Fig . 2. The resting cells obtained on trypticase

soy broth were able to metabolize DPM, 8Z1, and benzophenone (BP) (Fig. 1)

witicut an a~~sr&~t lag period, indicating that the enzyse syst~ t8 involved

are constitutive. •i~~ oxygen uptake in the presence of p,p ’-dichlorodiphenyl-

methane (DC14) arid p, p’ -dichlorobenzhydrol (DB}I) was approximately one pnole,

___________
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indicating the possibility either of ccxt~ talolism or a stimulation of endo-

genous respiration . If cxmetaboli~ n was involved , it sI~ uld be possible to

isolate the suspected hydroxylated or ring cleavage products fran the solu-

tions in the Warburg flasks. No cx~xtetabolism of p,p ’ -dichlorobenzophenone

(DBP) was observed.

p-Chloro~~eny1acetate (PCPA) and p-chlorobenzoate (PCBA) have been rern-

ported as products of WT netabolimn (8,9,10,16). These cx~pounds arid their

nonchiorinated analogues were tested for oxidation by resting cells of P.

putida in respiraneters. ‘fl~ uptake of oxygen was very high with phenyl-

acetate (PA) but not with benzoic acid (Fig. 2 ) .  The biphasic activity with

PA is not~~~rthy. Canetaboli&n or stimulation of exxlogenous respiratory ac-

tivity was observed with PCB~. Oxygen uptake was not noted with PCPA as sub-

strata .

Figure 3 depicts the oxygen uptake by Enterobacter sp. on various ana-

logues of DE14. The oxidative enzymes involved were found to be constitutive.

Glucose was ccznpletely oxidizec ‘~ moles of 02/unole of gluz~ose) by Entero-

bacter 2 in 7 h. A biphasi-~.. a-~ ~ivity was observed during the oxidation of

DPM. Canetabolism was suspected with ~-hydroxydipheny].methane, bis (~-hydroxy-

phenyl)methane and DDI4 because of an oxygen constanption of approximately 1 to

2 uncles with these substrates. An apparent but slight stirrulation of endogenous

respiration was observed with bis (~-nitrophenyl)methane.

The metabolism of DDI4 analogues by resting cells of Pseod xxrnas 3 is pre-

in Fig . 4. ~ cugh the organism was isolated with DPM as sole carbon

• Al ‘~~~~~, the resting cells corisi.ined only 1.5 uncles of 02/uncle of this sub—

-, ‘ r - ~~tens ive oxygen uptake was observed with ~-hydroxydipheny1znethane

~
- ‘iydroxydiphenyl ) methane. The organism was found to i~ tcetabolize
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DrtI after a lag period of 30 m m .  Bis (~-nitrophenyl)methane did not stimulate

the endogenous respiratory activity.

Pasting cells of Pseudatonas 4, which was isolated with BH as sole car-

bon source , extensively oxidized glucose, ~ i + glucose, and BH (Fig . 5). The

oxidation of ~ -ch1orobenzhydro1, DBH and DPM follc~ C tabolic patterns.

The flask containing one micD.xiole each of glucose and BH had s~~~n a rate of

oxidation (14.8 uncles of 02/pncle of substrate/h) very close to the cczthined

uptake rate of EH (4.1 pncles of 02/uncle of substrate/h) and glucose (11.8

uncles of Oluncle of substrate/h) . A biphasic oxidative pattern was observed

with BH.

Pasting cells of Alcaligenes 5, which was obtained with ~~ as sole source

of carbon, oxidized BH arid BP witicut any lag period (Fig. 6 ) .  Cci~~tabolism

was suspected with Dr~4 , p,p’ -dichlorodi~*~eny1acetic acid (DD~J ,  DBH, DBP and

DPM. In other max~~~ tric studies (Fig. 7) using the sane organism, there was

an indication of catetabolimu of PCPA and PCBA in that the resting cells of

Alcaligenes 5 constnred 1.5 uncles of 02/uncle of these substrates . DIYr arid

netkcxythlor were not oxidized , arid the observed oxi dative activity with these

ziçc*2rids was similar to the endogercus respiratory rate.

The oxidation of various DiYr netabolites arid their rcnchlorinated ana-

logues by Pse~xkmcnas 7 is slxx~in in Fig. 8. ~~~ oxidative activity of the

resting cells was highest with BH, BP and DBH . ~~~ enzymes involved were con-

stitutive. A lag period of 45 min was observed with DPM, indicating the need

for enz~~~ induction. This is the sole instance of enzyme induction in all

the studies with dif ferent bacterial isolates. ~itetabolism was observed with

several of the chlorinated nolecules.
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Bacterial cometabolism of DOT and its netabolites. The ccli~ponent products

were extracted and analyzed by gas chrc*natography (GC) , and their concentrations

were expressed as a percentage of the substrate added. The values reported were

averages of duplicate GC analyses and were corrected for extraction efficiencies.

Sate of the sanples were checked at randan by GC-f~tS to cx~nf thu the identity of

the various ccznpounds detected. The efficiency of extraction of various DiYr

metabolites is given in Table 2.

During the canetabolism of DOT by 4 bacteria , 1.6 to 16.4% of the added

DOT was converted to various products (Table 3) . The products identified

during the canetabolism of DOT were DOD, DDE , D~ .1, DBH, and DBP. ?~bne of the

products reported was detected in controls containing bacterial cells or li-i

uninoculatal controls with only DDT. The ancunt of products detected in the

aqueous phase indicates either that DOT had been cleaved to water-soluble

netabolites which could not be extracted by the extraction techniques enployed

or that DOT might have been retained in the slin~r material produced by the

bacteria. DDD arid DOE were the major products detected , and DBP was a less

abundant metabolite.

The ca~~tabolic products obtained fran the metabolites of DOT are present-

ed in Tables 4 to 7. The cxziçounds detected during the cxxietabolism of DD1~L by

strains of Pse~.xkx~~ as arid Alcaligenes were DCI I , DBH , arid DBP (Table 4). Large

anounts of Dl~~ could not be a~~~unted for during its de radation by bacteria .

This was probably a result of the adsorption of DDA or its products by the bac—

terial sh ine. It might also be possible that DD~ was totally converted to

water-soluble metabolites , which could rot be detected . With DCI4 as a sub-

strate, D~ arid DBP were produced, arid a considerable anount of products could

rot be extracted fran the aqueous ~*iase (Table 5). DBP was the only product
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TA BLE 2. Efficiency of extraction for DDT metabolites.

Metabolite Extraction efficiericy~ ,
per cent— -

DDM 8 8 ± 2

DBP 91± 3

DBH-TMS~ 92 ± 1
DDA-TMS 87 ± 4
DDT 99±1

~ Efficiency of extrac tion was determined
by adding a known amount of the chemical
to mineral salts solutions and then re-
extracting the compound according to the
procedures mentioned earlier in the section
on methods . The samples were subjected
to GC analysis ari d the total amount of
compound recovered was calculated from
the standard curves prepared for each
chemical.

Values are averages of three replicate
samples

2 DBH and DDA were analyzed as the trimethyl-
silyl ether derivatives.
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identified fr~~ DBH with the six bacteria tested (Table 6) .  DPB was produc€~:

in particularly large arr~unts with Psetxki~~ as 4 and Alcaligenes 5. No products

could be isolated fran reaction solutions c~~ taining r--~ as sole source of car-

bon (Table 7) .

C~netaboli~ n of DOT n~ tabolites by various fungi. Except for M. alternans,

r~ ne of the test f~x~ i had ever been exposed to DOT or any of its netabolites

or analoguss. The extraction tedmiques used ware the sane as above, so tie

efficiency of extraction of the various netabolites is listed in Table 2.

The products foru~d in rvr netabolisa~ are given in Table 8. DOD, DOE,

DØ1 and D~ ’ ware produced by only four of the 12 fungi tested . M~ other prod-

ucts ware identified except that scz~e radioactivity was found in tie ~~~~~is

phase left after tie extractions. ‘lie radioactivity in tie aqueous phase in-

dicated tie foz~~tion of water-soluble netabolites fran DOT, bit these products

could not be detected by tie ted~niques of extraction eiployed. P. brefeldianun

and A. niger produced nore water-soluble products than any other fungi .

The crz~etabo1i~ n of netabolites of DOT and the products detected are pre’-

sented in Tables 9 to 12. Five fungi produced a~ or nore of tie products Da4,

Dvi, and DBP fran ~~~ (Table 9). With A. axticus as test organi~ n , 55.1% of

tie DOPt was found to be axwerted to products whid~ ware either not extracted

by the techniques used or bound strongly by the fungal rnyoeliat mat. A majority

of the f~.i~~i tested produced D&~ and C~P fran IUI (Table 10) . D~~ was fori~~1

in greater anounts than Dm1, and P~~A was detected in traath~nts in solution

containixq tie ~ iat ftn~gus. ‘lie identification of I~ PA dur ing the zretabolign

of DUI was “c*xii~ 1ished by oce~aring its retention on a 3% (N-l coluen with

that of the ‘lTd derivative of authentic I~ PA. [)BP was identified in solutions

containing D~H (Table II) . No products ware generated fran D8P by 11 fungi

(Thble 12) .
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TA BLE 6. Cometabolism of DBH by bac ter ia .

Per cent products detected~ DBH
Organism 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
recovered ,

DBP Other~ 
per cent

Pseudomonas putida 1 2.7 1.1 96.2

Pseudomonas 3 1.8 3.2 95.0

Pseudomon as L~ 5.0 19.2 75.8

Alcaligenes 5 li.8 0.0 97.0

Alcaligenes 6 0.0 10.4 89.6

Pseudomonas 7 1.8 0.4 97.8

~ Expressed as per cent of total. DBH added .

Includes the amount of prod ucts not identified by GC-MS

and the amount of DBI( not accounted for during GC-analysis. 



TABLE 7. Cometabolism of DBP by bacteria .

Per cent Per cent
Organism DBP unidentifie d

recovered produc t~- ~

Pseudomonas pu tida 1 96.1 3 .9

Pseudomonas 3 89.2 10.8

Pseu domonas 4 95.4 4.6

Alcaligenes 5 90.8 9.2

Alcaligenes 6 98.2 1.8

Pseudomonas 7 100.2 0.0

~ Also includes the amount of added DBP not

accounted for during the GC- analysts.

. - - 

.
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TABLE ii. Cometabo lism of DBH by fung i .

Per cent prod uc~~ DB}!
detected a recov red .Fungus 

per cc~ .t
DBP Other—

Aspcrgjllus f1avu~; i~1i 0.0 0 0  1O1. (

Aspergillus f’lavus 147 1.8 6.5 91.7

Asperg~i11us niger 0.6 14.8 84.6

Aspergillus conicus 0.0 7.2 92.8

Penicill ium brefeldian u rn 1- 5  6.8 9 1-7
Pycnidiophora dispersa 0.0 1.4 98.6

cercospora or~yzae 0.0 3.4 96.6
Pyricu].arj.a oryzae 0.0 3.2 96.8

Thartatephorus cucumeris 2.4 3.8 93.8

False smut of rice 0.0 6.6 93.4

Mucor alternans 0.0 1.0 99.0

Schizophy].lum sp . 4 .0 4 .2  91.8

~ Expressed as per cen t of DBH added ;

Includes the products not identified by GC-MS and also
the amount of DB}I not accounted for during the GC-analy--
Si S .  

—
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TA}~i.i . 12. Comct :Woli~:m Cu , ITh~’ L y  fU f lj ~ i -

Per Cent produc ~ L!:P

Fungus de t r.~ Lcd recov~ r’ -d ,
Product 0j 0~~ i ” ~ 

j ’.-r C (- : . t
R t 171. ~~—

Asper~ ii1u s f lavu~ 141 0.0 1.6 98.’.

A spergillus flavus 147 0.0 11. 8 95.:~

Aspergjilus n ip~er 35.2 6.3 58.5

Aspergillus conicus 0.0 4.0 96.0

Penici llium brefeldianum 0.0 5.4 911.6

Pycnidiophora dispersa 0.0 5.2 94.8

Cercospora oryzae 0.0 10.8 89.2

Pyricularia oryzae 0.0 6.4 93.6
Thanatephorus cucumeris 0.0 0.0 101-4

False smut of rice 0.0 3.11 96.6

Mucor alternan s 0.0 94 90.6

Schizophy llum ap. 0.0 5.6 911.4

~ The am ount of this new product was expressed ~n term s
of DBP . The peak area of the product was measured
from the GC trac e and the equivalent amoun t of DBP
was calculated from the standard curves prepared
for DBP .

Includes the products not identified by CC-MS and the
amount of DBP not accounted for during the CC-analysis .

—•- -,. ~~~~~~~~~~~~~ —. -5- -5 
- - - - -
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A. niger prod~xed crxr~ound with value of 171 s oi~ 3~ CW-1 cxi~r~

proqrarwr~ 1 f ran 110 to 180 C at a rate of 20 C/mir . Th- dn ’Unt of the prcx~uct

detected was 35.2% of the DSP ~~~ed ini tiall y. The GC tr.ice of the san~ 1e and

the mass spectr um of the prod~rt are ‘Jiven in Fiqs . 9 .md 10. The mass spec-

trum of the product was similar to an extent to the spoctrun of authentic DPM ,

except for the unusually large t4~ + 1 peak and the peaks at to/e 139 and 141.

~ -Chlorcphenylglyoxaldehyde with a rrclecular weight of 168 might g ive a simi-

lar mass frag~~ntation pattern . The product detected was suspected to t~

chlorophenylglyoxaldehyde, because the production of DPM by reductive dechlori-

nation and further reduction see~~~ unlikely - In acklit ion , authentic DPM had

a retention t.iise of 96 s which is different frm the retention tine of the

product formad fran DSP.

~~ne of the products detected during the etakx li~~ of DOT matabolites

by the fungi was isolated fran the controls containing unir~ cu1ated mii~ ra1

salts solutions amar~iei with the DOT metabolites.

Products forn~ d dur ing the degradation of PCPA. ‘1~~~ products were foirid

in the gas chranatogr~~~, these having retention t.th~~s of 554 (ooi~~ound A) axxl

653 sec (cxispour*1 B) .

The ~~~~ derivatives of the san~ le in ether were analyzed with a Finnigan

3300 gas chranatograph—mass spectrcv~ ter supplied with a Syst~~~ Industries

data processor. The operating t~ i~ eratures and the co1tx~r~ were the s~ i~ as

before, but the f1~~ rate of N2 was 18 mi/mm . Ccxthined GC-~~ of the product

with a retention tiii~ of 653 sec (product B) revealed a ~ia1l parent ion at

~~~~ 330 with major frac~~~ tation peaks at ~~ 198 , 183, 163, 147, 93, and 73

and nth~~r or*s at ~~~ 133 and 117. The mass spectrizn of the peak with a re—

tention tine of 554 sec (product A) also s~~ a1 a ~nal1 peak at ~~ 330 and

---~~~ - -
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had major fr~~nent peak at nVe 178 , 163 , 147 , 94 , and 73 plus minor fr .KJT - i~J-~ts

at rt~/e 287 , 198 • 133 , arid £17. Both no lecuies a iso 1~~ta ir~x1 ch.ior jne m u  ~ ti~th

as they s)x*iei tIe 3:1 ratio of isotope peaks character istic of chlor z.nat.ed

nolecules; the P + 2 peaks were pruni nent for tIe fraqxr~nts at m./e 198 , 163, 147 ,

117, az-id 73.

These matabolites might be nonohydroxy products of ~-ch1or *enylacetate

(either ~ -ch1ortzi~ ndelic acid or the ring-hydroxylated cxrpound) , tIe di-~~~
derivatives of which w~u.1d have a m olecular weight of 330. The di-~~~ de—

rivative of aut1~~ tic ~-chloranandelic acid , ~~~ever , had a retention t iiie

of 401 s arid a mass spectrtzn unlike tlose of the unknowns. Tb determine the

location of tie hydroxyl on tie ring of the unknowns, 0.5 to 1.0 g of authentic

o- arid m-hydroxypi~~ ylacetic acids in 30 ml of 4 N 511 was treated with a ~na1l

quantity of arid 1.0 to 2.0 g of A1C13. Af ter 2 h , the mixture was ex-

tracted with ether , the ether extract was washed three tines with water , and

the resulting solution was ox~centrated in a flash eva~orator and dried over

anhydrous Na~SO4. Gas chranatography of ‘IYIS derivatives of these chlorinated

xxrzourids revealed that the sole product prepared fran m-hydroxyphenylacetic

acid had a retention tine of 653 s, identical to that of the ThtS derivative

of netaholite B. By ~~~trast , gas chromatography of the ~1Y’~ derivative of

the chlorinated products prepared from o-hydroxyphenylacetic acid sI~~~d the

presence of peaks with retention times of 540 arid 605 s. The mass spectra of

the chlorinated derivative of authentic m-hydroxyphenylacetic acid arid metabolite

B were identical . Although the microbial product might have been either 4-

chloro-2-hydroxy- or 4-thloro-3-hydroxyphenylaoetate, tIe synthetic cxzmçiourxl

prepared could be the latter but rot the forner . Thus, tie bacterium a~çarently

oxidizes ~-ch1oropi~~ ylacetate by introducing a single hydroxy~ group on C-3

of the ring. 

- 5 -— — 
-~~——~ ---~ 
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Isolat ixq 1 , 1 , 1’ , 1’-tetra (p-chlorophenyl)dirrcthyl ether (DC BH~E) . Att-~.~~ts

were made to isolate 1,1 ,l’ ,1’-tetra (~-chloropheny1)dimethy1 ether (DC~HE) sus-

pected to be forned dur ing the degradation of 0(14 by strains of Pse~i xrt~ as arid

Alcaligenes. DCBHE may be synthesized microbioloqically f ran 0(24, ~~~
-; its ron-

chlorinated analogue (l ,l,l’ ,l’-tetraphenyldimethyl ether) was ear l ier isolated

by us during the degradation of diphenylnethane by P. putida. DCBHE was not

detected in the products forn~~ during the xx!etalx)li5n of D~4 by strains of

Pseix~aionas arid Alcaligenes. DCB}~ was c~~nica11y synthesized f ran D~~ , and

tie detection of DCBHE in ether extracts was acxuiplished by gas-liquid chroma-

tography. DCBHE has a retention tine of 2050 s on a 3% (W-1 co1u~~ maintained

at a t~ rç erature of 250°C arid a carrier gas (N 2 ) flow rate of 80 ml~ nin.

Isolation of organis~e capable of rretabolizing biphenyls. Polythlor inated

biphenyls axe freguently encountered in natural waters and , following biamag-

nification, have detrimental effects on higher n~~bers of natural food chains.

Atta~ç~ts were made to isolate microorganisms capable of growing on or netabo-

lizing biphenyl arid analogues such as biphenyl , 4-chlorobiphenyl, arid 4 , 4’ -

dichlorthip~~ wl. Many bacteria capable of utilizing bipkenyl as sole source

of carbon were isolated , but no organisms were obtained with 4-chiorobiphenyl

or 4 ,4’-dichlorobiphenyl as sole source of carbon. Resting cells of one of

the bacterial isolates were fouxid to ~~ etabo1ize 4-chiorobipienyl and 4,4’ -

dichlorobipI~~ yl. The color of the reaction medium turned yellow, suggesting

ring cleavage arid formation of ssmialdehydes, which ~re characteristic of math-

cleavage enzymes.

C. DISCUSSICt4

Bacterial isolates obtained on DPM (P. pitida 2, Enterobacter 2, and

PsexIa~onas 3) were able to oxidize only ronchiorinated analogues of tiyr
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netabolites, such as DPM , BH and ~~~~~ . The bacteria (Pseixks~cnas strains 4 and

7, !ilcaligenes 5) isolated on RH as sole source of carbon metabolized RH and

BP but failed to metabolize DPM. Resting cells o~. various bacterial isolates

were able to cxnetabolize 0(24, DBH and DDA . W~~ver , these organisms failed

to cxz~etabolize D~~, a metabolic product forn~~ during the degradation of DOT.

Focht arid Alexander (9) also reported that Pseuc~~icnas sp. failed to grow on

or cx~~~tabolize DSP.

Washed cells of Pseix~~ronas 3, obtained on DPM as sole source of carbon,

oxidized ~-h droxydiphenylnethane arid oonsui~~ 10.5 unoles of 02/urTole of Sub-

strate. The ability of Psetdcz~onas 3 to oxidize ~ -hydroxydiphenylnethane in

preferei~~ to DPM suggested the possibility of ~-hydroxydiphenyInethane being

an intermediate of DPM metabolism.

~fle present data s)x~w that ~~rburg respira~etry is an excellent tech-

nique for screening bacteria for their ability to cxxretabolize DOT netabo-

lites and their analogues. I~~~ver , the netlod has a drawback in that one

cani~ t distinguish the oxygen consue~tion resulting fran caretabolisn or fran

a stinulation of en&’gerous respiration by tie chemical.

Feil et al. (7) detected hydroxylated arid inatboxylated netabolites of

DOT in excreta of chickens fed with DOT. Formation of such hydroxylated

products might be tie first step to rapid degradation of DOT. During tie

present investigations with 6 bacteria and 12 fw~i, no such hydroxylat&

or metIX)Xylated products of i~ r or its netabolites were detected.

Strains of Pse.~~~onaa and Alc’*ligenes were found to convert DOT to DW,

~~~~, 1114, DRH , and D~ ’; ~~~ to EQ4, 1~ I1, and DSP; 0(24 to DSH arid La’; and DRH

to DSP. Identif ication of these products during the ~xx~etabolian of DOT arid

its metabolites is In line with the pathQay proposed by Wede~eyer (1.8) for



p p 109

the degradati on of ElYr by Kiebsiella poeti~cniae. DSP was rot f urther netabo-

lized by resting cells of Pse~iaionas ar id Alcaligenes, thereby indicating the

resistance of DSP to further biodegradation . The view that DSP is ronbiode-

gradable is st~ ported by the lack of 02 ~~~sirption by resting cells of Pseu-

dxonas strains 1 arid 7 arid Alcaligenes 5 incubated in solutions containing

DSP.

Fungi can metabolize DOT (1) arid otter insecticides (14,15) .  Fungi are

also krx~’in for their ability to hydroxylate raz~~~itly many pesticidal nolecules

(4). ~~~~ver , no hydroxylated products were detected in tie metabolism of DOT,

DO~, DCt4, DRH and DSP by 12 different fungi. C~nversion of DOT to WE arid DI])

by four species of fungi suggested that the metabolism of DOT may have occurred

via t~~ different routes: Ci) reductive dechlorination to form DOD, which was

subseguently converted to D~~, 0(14, DBH and DSP; arid (ii) dehydrothlorination

to form DtE. The reductive dechlorination of DOT to form DOD under aerobic

conditions (created by the incubation of fungi on shakers) could not be ex-

plair~~ , but these findings support the observations of Weds~eyer (18,19),

Barker arid r.brrison (2 ,3) , Hicks and Corner (11), arid others (6,12,13) that

tie reductive dechlorination of DOT occurs also under aerobic conditions.

Four of the fungi converted IDF to DOD, WE, DSH, and DSP. The fungi

also transfotTted WA to DC14, DaB, arid DSP; ~~4 to D04 and DSP; arid ORB to DSP.

This is tie first report of the identification of various products formed

during the degradation of kr~ in IDr netabolites by fungi. The data also in-

dicate that the enzymes involved in the conversion of IDF occur in the orga-

nia~~ even wt~~i they were never exposed to DOT or any of its analogues. 0(24

was cx~etabolized by a s’ut fungus to D~ I , C~P arxl PCPA. lie identification

of these products suggest ~~~~
—
_ dif ferent patlMaya for the degradation of DC24
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by this fungus : (i) oxidation of [114 to DBH and DSP; and (ii) ring cloavaqe

leading to tie formation of PCPA. PCPA was f irst reported by Focht arid Alexan-

der (8,9) as a ring cleavage product of D(14 by Pse~zbionas sp. Later , P faerider

and Alexai~~ r (16) d~~~nstrated tie formation of PCPA when DOT was incubated

first anaerobically and then aerobical ly with oell-free preparations of a

pseu&ziu~ad. Considerable amounts of DSP had acctzmilated during tie metabo-

lism of DIII by tie fungi tested here, indicating the abeence of enzymes re-

sponsible for the further degradation of DSP.

DSP was metabolized by A. niger with tie production of a cxxi~ owid tenta-

tively identified as ~-chlorcphenylg1yoxa1dehyde. Forma tion of this product

suggests a mechanism for tie ring cleavage of DSP different fran the ore by-

pothesized by Focht arid Alexander (9) for DOT analogues .

- — 
-.
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V. Section 5

A. M1~ERIALS AND ~~ ML)DS

Enridgient procedures. Seventeen insecticides were added as either sole

sources of carbon , phospix)rus or nitrogen in a liquid salts medium. The medium

is described by Alexander and Lustigt~an (2) . ‘the inoculun consisted of approx-

irnately 5% of either soil rar~~ n1y mixed fran five sites or sewage collected at

the primary effluent.

When tie pesticide was the sole phosphorus source , tie glassware was wash-

ed with a 20% (vol/vol) HNO3 cleaning solution , rinsed five th~es with tap water

and seven th ree with deionized water.

The insecticides used r~~resent a broad spectrum of orgarEçhosphorus and

carbanate cxr~pouzids (Table 1). The cxirpounds were added to solutions to 50 ç~ n

insecticide-P, 150 ~~n insecticide-N, and 1000 ~~sn insecticide-C . The enrich-

n~~ t cultures were incubated in 16 X 100 m screw-cap tubes at 29 C. Upon ap-

pearance of visible turbidity, a lcopfu]. of enrichment medium was transferred

to the liquid salts medium amended with 2% ~bble agar (Difco) and the corres-

ponding insecticide as C, N , or P source . Fb11c~ ing isolation , individual col-

onies were r~~eatedly reintroduced into similar but sterile media until pure

cultures were obtained. The bacteria were identified by xzrparing morpholog-

ical , cultural , and bioch~nica1. characteristica with described bacteria (8 , 11,

42 , 54 , 55,56) .

Gr~~th meastat~1et its. Thrbidinetric readings were performed by r~toving

periodically 3 ml aliqucts fran cultures incubated in 125 ml baffled Erlermeyer

flasks at 29 C on a Gyrotory shaker (150 rpm) (New Brunswick Scientific Co.,

N.J.) .  All turbidthetric readings were performed with a Bausch and Ii:xit Spec-

tronic 20 at 420 rim. Alternately, 5 ml eliqucts were reroved fran grc*~ing cul-
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TABLE 1. Pesticida]. cxirpounds and their wiu&~n abbreviations.

nate (~~~nical structure

Aspon 0,0,0, -~~tra-n-propyl dithiopyrophosphate

Azodrin 0, 0-Dimethyl-O- (2-methylcarbanoyl- 1-methyl-vinyl) -

phosphate

Baygon (Propoxur) 2- (1-Methylethoxy) phenol-nethyl-carbamate

Carbaxyl (Sevin) N—Met.hyl— 1—naphthyl carbamate

Carzol (3-Dhrethylamino- (nethylene-iminophenyl) ) -N-methyl

carbaniate hydrochloride

I~ sanit 0, 0-Diethyl 0- (4- (nethylsulf inyl)pheriyl]phosphoro-

thioate

Diazinon 0 , 0—Diethyl-O- (2-isopropyl-4-nethyl-6-pyrimidinyl) -

phos~*orothioath

Dinethoate 0, O-Dinethyl-S- (N-nethylcarbamDylnethyl) pxe~ x ro-

dithioate

Diirethyl (2 , 2, 2-~~ich1oro-1-hydr zcyethyl)phosphonate

Malathion 0 ,0-Dinethyl-S- (1, 2-dicarbothaxyethyl ) phosphoro-

dithioate

Mesurol 3, 5-Dimethyl-4- (nethylthiolpherol-nethyl-carbamate

Methoxyl S—Methy l—N— ( (methylcarbatoyl ) oxy) thioacetimidate

Methyl parathion O,O-Dinethyl- -~ -nitroç*ei~~1 phosphorothioate

Orthene 0 ,S-Dimethylacetylplosphoraniththioate

(Ethyl) Parathion 0 ,0-Diethyl-O-~ -nitrophenyl pFosphorothioate

Trithion 5- ( (-~-thlorophenylth io) methyl) 0 ,0-diethyl phos-

~*z rodithioata

Vapcara (CUJP) 2 , 2-Dichlorov’inyl-O ,O-Dkirethylphoephate

—
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tures and cell protein was determined ~~r the method of LcMry et a].. (39) . Crys-

talline bovine serum aubunin (Nutritional Biochanical Corp. ) was used as the

standard. Protein was monitored at 660 rim and aitpared to a standard protein

curve.

I~~sting~ cells preparations. ‘I~ prepare resting cells, cultures were grc~~n

in 1-li ter Erlexiteyer flasks containing 500 ml of medium and incuba ted at 29 C

and 150 rpm for 48 h. The cells were harvested by centrifugation (Sorvall cen-

trifuge, model EC2-B) for 15 mm at 10 ,000 X g at 4 C, washed thrice with Na-

barbito l buf fer (0. 04 M, pH 7.2), and then resuspended in 25 ml of the same buf-

fer to an optical density of 1.5. ‘lb 5 ml aliqucts of resting cell suspension

in 25 ml Erlergreyer flasks were ad~ied 300-450 iig/ml of substrate.

Cell-free extracts. ‘lb prepare cell-free extracts, cultures fran 1.5 li-

ters of medium were grain for 48 h at 29 C and 150 rpm and harvested by centri-

fugation. The cells were washed thrice with Na-barbitol buf fer (0. 04 M , pH 7.2)

and then resuspended in tie sane buffer. The cells were sonicated with four

1-mm bursts at 6 C with a Branson Sonicator set at 40 watts. S*ole cells and

large cell debris were r~toved by centrifugation at 12,000 X g for 15 mm at

4 C. The resulting supernatant fluids , which were stored at 0 C, were used

for enzyme assays.

‘lb purify further the enzyme-containing stçernatant fluid, (NH4 ) 2~~4 frac-

tionation was used according to the net~~ds of Carmen and I.ayin (10) and Dawson

et al. (15) . Protanirre sulfate (2% , Nutritional BiocF~~nica1s Corp. ) was used

to retove !~Ut and D~~ (10) . Protein was determined by the method of l~~ ry et al.

(39). The enzyme assay was started by adding 1.0 ml of enzyme preparation (300-

400 ~iqJml protein) to 5 ml of Na-barbitol buf fer containing 500 ~iM substrate) .

Gas-liquid chranatograp1~y. A Perkin-Elmer 39203 gas-chranatograph, equipp-

ed with a f].ate ionization detector (FID) and a f late plotaretric detector (FPD)



116

with phosphorus and sul fur filters and recorder was used. ‘l~~ different columns

and operating cx*xlitions were ~ployed. For organophosphorus xii~ ounds , the

packing material was 3% (W-l7 on 100/120 mesh Gas thrum Q in a 1.83 m X 2 nni

(i.d.) Teflon-lined stainless steel column (columns and packing meterials fran

Applied Science Lalxratory) . The operating t~ tperatures were: 140, 200, and

2 3 0 C f o r the column ; l90 azxl 2 4 5 C f o r the injector ; and 2SO and 2 l SC f o r

the interface (detector) . For carbamate xz~~o~xds , tie packing material was

5% SE-30 on 80/100 mesh thraicsorb W (HP) in a 1.83 m X 2 m (i.d.) glass col-

uin. The operating ta~peratures were 160 C, colum; 240 C, injector; and 275

C, interface (detector) . For FID, the gas f1c~ s were: 30 mJ..’~nin, carrier gas

(helium) ; 50 psig, air; and 21 psig, hydrogen. For FPD, tie gas fla~s were :

30 ml~ nin, helium; 60 psig, air ; and 29 psig , hydrogen.

~ ctraction of substrate. Aliqix ts fran the cultures were placed in 160

X 100 nm test tubes, and an equal volune of pesticide grade ethyl acetone

(Fisher) was a~ 1ed. ‘l\ibes were ‘vortexed , the contents a1l~ ed to settle , and

the organic layer decanted. The procedure was repeated, and appix~cimate1y 2

g of an analytical grale anhydrous Na2SO4 (Fisher) was aided. ‘lie organic

phase was stored in 2 drain vials with Teflon-lined screw-caps. Based upon a

standard curve for each substrate , t~o extractions reixwed greater than 95%

of the substrate fran the aliqtot.

Darivatizaticn using diazanethane. ‘lb determine water-soluble break&~ n

products fran tie organopxephates, a1iq~vts were reioved fran tie cultures

and derivatized with Oi2N2 ording to the method of Daughton et al. (13).

The derivat.tzed products were extracted ~doe with ethyl acetate and anhy-

~~~~~~ ~~~~~ 
over glass ~~,ol prior to gas-liquid thrunatography. Standards

of diii~ thyl and diethyl phosphate and dimethyl and diethyl thiophosphate a~zn-

pounds were similarly derivatized (All standards fran American Cyanat~ide Co.) .

St. — — r ~~~~~~~~~~~~~~~~~ — .— — — — —
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Prior to derivatization , the aliqtz,ts were trea ted with 10% cold trichioro-

acetic acid (Fisher ) to stop further enzyme activity .

B. RE~~JLTS

Isolation of microorgani3ns. E~iric~inent-cu1ture techniques involved ex-

posing soil or sewage microorgani~ne to 17 organophosphonis or carbamate insec-

ticides . Bacteria isolated because they grew on 10 organoç*osphorus cx~tpounds

were purified and sttxlied as to their versatility in metabolizing 12 organo-

phosphates. Organi~ ne isolated fran diaziron and malathion were the most ver-

satile, being able to metabolize 10 and 9 cxi~pourxIs, respectively (Table 2) .

The orgaiEplxephates—-azodrin, dasan.it, malathion, and orthene—-were the most

widely used while trithion aid vapona were the least freqtently used.

The t~~ organimns isolated fran diazinon and malathion enridanents were

subjected to bioch~ nica1, cultural , and morphological diagnostic tests as de-

scribed by Skerman (54) . Stanier et al. (56) , Manual of Micrthiological Methods

(55) , aid Coiwell and Wi~~e (11) . The ~~~ isolates corresponded to tie descrip-

tion aid definition of Pseu~~~~ as given by Ebtxioroff and Pafleroni (8) in being

strictly aer~~ic, grain-negative, motile (polar flagellum) rods , that prodix~ d

catalase,were oxidase positive, hed a respiratory netabolimn, aid hed grcwth

requiranents that were not cx miplex. The presence of a flnorescent pi~ nentation,

lack of poly-8-hydroxytxztyrate accuiü aticn, and gra~th at 4 but not at 41 C

indicated that the organien isolated fran diazir~r~ was Pseixk~onas putida.

The organi~ n isolated fran malathion was not identified to tie species level

aid hence is referred to as Psetxkxntwias 7.

Organiane were also selected fran carbainate-enridguent cultures. ‘lie

bacteria isolated fran baygon aid carbaryl enridii~~ ts were purified and stu-

died as to their versatility in metabolizi ng 5 carbainates (Table 3) . ~~th
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TABIE 3. MetabO1i~ n of various carbanate insecticides by soil and

sewage isolates.

Organi~ n Insecticide tested
isolated fran Baygai Carbar~1 Car~~l Mesurol

Bay~~ i ++ ++ + + —

carbaryl +4- ++ + + —

Carzol - - + - -
M~~urol + — — + -
Methceyl - + - - +

Syn~ols: - ~~~ turbidity; + light turbidity; 4-4 heavy turbidity. Incubated

for 72 h at 29 C. 

T ..I.
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isolates metabolized 4 of the five cxmpounds. Diagnostic tests performed on

these isolates indicated that they were identical aid belonged to the genus

Psetda xnas. The isolate will be referred to as Pse~xkr~onas 44. Enriclitent

experiments indicated that none of the isolates could use the organcçhospFx rus

or carbanate xv~cuids as: tie sole source of carbons; as carbon and phosphorus

sources; or as carbon aid nitrogen sources.

Metaboli~ n of insecticides. ‘1~ determine if tie three isolates were mo-

tabolizing tie insecticide crmçounds aid rot inorganic contaminant phosphorus

or nitrogen, grc~ th experiments were conducted. &,th P. p.itida and Pseixkmias

7 (data not siø.in) s)xMed a linear relation between maximum optical density

(420 nn) aid P—substrate concentration t~~ to 0.15 rtt4 P (Fig. 1). Maximum cell

yield occurred with ~~2PO4, while diaziron aid malathion prodixed approximately

65 aid 70% of the cell yield cxitparal to 
~~2

I’O4
. Based upon the carbon in the

medium, a P—cxr~centration of 0.15 i*1 gave approximately a 15:1 (C:P) ratio. A

15:1 ratio of C:P appro ximates the cellular C:P ratio of bacteria. Thus , the

P in tie mediun was limiting up to 0.15 nfl.

Similarly , the gra~th of Pse~.zkmonas 44 was found to be linear with re-

spect to N-substrate concentration (Fig. 2 ) .  The maximum cell yield occurred

at 0. 75 nfl N aid with (~~ 4) 2~~4~ 
‘lie cell yield with baygon aid carbaryl as

N source was approximinately 75% of the maximum cell yield. Based upon the

carbon ~xIr~~~ tration in tie medium, 0. 75 nfl N represented a 4:1 (C :N) ratio,

which approximates that of cellular C :N. Thus, N concentration of 0.75 rrtl

was limiting. Additionally, the data sIu~ that the bacteria were rot oligo-

phcephorcçhiles or oligocarbophiles. Similar results were ~~tained at dif-

ferent pH values (6. 5-8.5) aid tesçeratures (20-45 C).

‘lb d~~tz~strate fur-tier that the bacteria were utilizing the caTpotmds as

P or N sources, cell gr~~th (as cell protein ) was correlated with substrate 

- 
_

-4-
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disappearance. The gr~ ’ith of P. putida aid the disappearance of diazinon and

malathion were linear with respect to time (Fig. 3). This linearity indicates

that at any tine during the gzwth cycle, the rate aid amount of P utilized

(as determined by % P in the substrate (10%) as well as substrate disappeared )

agreed closely with tie theoritical rate and amount of P needed by tie cells

for grcwth as determined by cell protein and tie relationship of P to cell pro-

tein (2% of cell protein is P) ( 1) .  Similar results were obtained with Pseu~-

rxmas 7 (Fig. 4) .

The rate of grc~’.’th of Psetxkmx~r~as 44 correlated also with the rate of

substrate disappearance (Fig. 5). Gr~ ’ith (cell protein) and substrate disap-

pearance were linear with respect to time thronghout the grc~ th cycle. The

amount of N utilized (as determined by % N in baygon and carbaxyl (7%)) ap-

proad-ed the theoretical amount of N needed by the cells for grcMth as deter-

mined by cell protein and the relationship of N to cell protein (16% of cell

protein is N) (1). Thus, P. p.itida aid Pseix~~ronas 7 metabolized diazinon and

malathion as sole P source aid Pse~ñitonas 44 metabolized baygon and carbaryl

as sole N source. The organi~ ze were rot utilizing contaminant inorganic P04
or NH4 as P or N sources in place of the insecticidal cx~pounds. Further sup-

port for this ~~~clusion was obtained when color-m etric analyses of the orgaro-

phosphorus aid carbamate .xx~~ouids indicated the absence of detectable iror-

ganic P04 and NH4.

I~~sting-oell suspensions. The ability of P. pitida and Psetzb~vnas

strains 7 aid 44 to metabolize their respective abov~ entioned insecticidal

ocz~x*zxls raised th~. questions whether the netabolimu was enzyme nediated,

aid if so, was tie enzyme systan ind’x,ed or constitutive. The questions

were answered with resting—cell suspensions. 

- .
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S~~en P putida was gr~~n in inorganic P04, diazinon and malathion, only

diazinon-grown resting-cell suspensions metabolized diazinon (Table 4 ) .  In

contrast, malathion was metabolized by all resting-cell suspensions regardless

of the P source in the gr~ ,’th medium. Chloramphenicol a&1ed to the resting

cells prior to the substrate did rot alter the results. ~~ significant degra—

dation of diazinon aid malathion by boiled cells or in sterile bif fer occurred.

The data suggest an enzym~atic basis for substrate disappearance. Further , the

metabolimn of diazixon appears to be mediated by an in&x~ d enzyme systan, while

malathion netabolims involves a constitutive enzyme systan. Similar results

were obtained using resting cell suspension of Psetxkmonas 7 (Table 5).

~~en Pseukm~as 44 was grown in inorganic NH4, baygon, and carbaryl. and

resting cell suspensions prepared , only cells grown in baygon aid carbaryl

metabolized these t~~ carbamates (Table 6) .  thloranphenicol did not alter

the results. The lack of significant degradation of baygon and carbary l by

NH4-grown cells, boiled cells, and in sterile buffer suggests an induced en-

zyne systan is responsible for netabo1i~ n of the t~~ carba nates . This systan

is present in tie cells prior to the addition of the substrates. The simi-

larity in the netaboliam of baygon aid carbazyl by baygon- and carbaryl-grown

cells suggests a similar induced enzyme systan for both cxzrpounds.

Cell-free extracts • ‘lb determine further the enzymatic activity as well

as the substrate specificity of the induced and cxx stitutive enzyme systaze,

cell-free extracts fran the three bacteria were prepared.

The specific activity a~d substrate specificity for P. pidda extracts

partially purified by (W
4
) 2~°4 fractionation are s1~~ n in Table 7. The con-

stitut ive enzyme system fran cell-free extracts of P04- aid malathion-grown

cells sb~ ed activity on 9 of 12 organophoephorus cxi~pounds. The specific

activities ranged fran 0.23 to 1.80 ~iM substrate disa earedJ~niri~i~~ protein.
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TABLE 4. Disappearance of diaz inon1 aid malathion’ effected by

resting-cell suspensiczis2 of Pseixkx~rzias putida.

Conc~ , iig/ml
P source in Chloranphe~ico1 Viable cells 4growth medium Diazirxx Malathion ~~iled cells

KH2PO4 + l3 (4.3)~ 277(92)

— 11(3.7) 256(85) 8(2.7)

Diazinon + 273(91) 236(79)

— 293(98) 259(86) 9(3.0)

Malathion + 13(4.3) 271 (90)

— 17(5.7) 282 (94) 9(3.0)

concentration: 300 i~tg/ml.

density (420 rim): 1. 5. Incubated for 36 h a t  29 C aid 150 rpm.
3Chloraiçhenicol ~ sicentration: 100 ug/inl.
4Cells boiled for 15 min prior to substrate addition. Nutters refer to

the mean of the va1t~ s obtained with diazthon and malathion, treated and un-

treated, with chlorançhenicol.
5Represents % of Initial substrate concentration. DiazirK*l and malathion

in sterile Na-barbitol buffer (pH 7.2) had a mean disappearance of 9 pgJ~n1 (3.0%)

in 36 h.
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TABLE 5. Disappearance of diazinon and malathicn* effec~ 1 by resting-

cell suspensions of Pse ~zas 7.

Concn , pg/mi
P source in thloranphenicol Viable cells

growth medium ~~~ed Diaziron Malathion Boiled cells

KH2P04 + 11(3.7) 244(81)

— 15(5.0) 243(81) 9(3.0)

Diazii~~i + 259(86) 257(86)

— 278(92) 268(89) 11(3.7)

Malathion + 14(4.7) 246 (82)

— 11(3.7) 270(90) 10(3.3)

*~~~~~ footnotes to Table 4.
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TABlE 6. Disappearance of baygon~ and carbaryl1 effected by resting-

cell suspensions2 of Pse~~~ronas 44.

ancn , ~tg/ml
N source in Ciüorançh enicol Viable cells 

4growth medium added3 Ba~~~n Carbaryl a iled cells

(~~4) 2S04 + 3l (6.9)~ 28 ( 6.2)

— 35(7. 7) 30(6. 7) 28(6.2)

Baygon + 379(84) 353(78)

— 410(91) 396 (88) 31(6.9)

Carbaryl + 382( 85) 346 (77)

— 393(87) 383 (85) 32(7.1)

11.nit ial concentration: 450 ug,’~n1.

density: 1.5. Incubated for 36 h at 29 C at 150 rpm .
3C~~lorançhenicol ~~~centration: 100 ji g/mi.
4Ceu.s boiled prior to substrate addition. Nu~ters refer to the mean

of the values obtained with baygon and carbaryl , treated and untreated with

chlorai ,henicol.
5
~~presents % of init ial substrate concentration. Baygon and carbaryl

in sterile Na-barbitol buffer (pH 7. 2) h~l a mean disappearance of 28 j ig/mi

(6.2%) in 36 h.

- - -~~
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The induced enzyme system (diazinon-gzvwn cells) dairnistrated activity on 10

of 12 cui~ourds with specific activities ranging fran 0.39 to 1.97 j iM sub-

strate disa eared/min~~~ protein. The specific activities represent a 4-5

fold increase over that in the crtde cell-free extract. Pronase-treated and

boiled cell-free extracts had no activity, and the substrate in sterile buffer

was stable. Thus, both ~xmstitutive aid induced enzyme systat~ daionstrated

a broad substrate specificity for organopboeplx)rus cx itpounds. The data also

reaffirm that diazinon is metabolized by an induced enzyme system, while mala-

thion is metabolized by a constithtive enzyme system. With the exception of

dylox, whith appeared to be metabolized by a constitutive enzyme system, the

specific activities aid substrate specificity for cell-free extracts of Pseuk-

ncnas 7 were very similar to tlxse for P. putida (Table 8) .

The specific activity aid substrate specificity for Pseizlcitonas 44 are

sk~~ n in Table 9. No activity as xzpared to the controls occurred when the

substrates were tested with a cell-free extract fran NH4-grown cells. Hciiever ,

specific activities for 4 carbamates varied fran 0.29 to 1.98 jiM substrate dis-

appeared/min/nv protein with cell-free extracts fran baygon- aid carbaxyl—grown

cells . Thus, with Pset~~~ionas 44 only a broad substrate-specific induced enzyme

system was capable of metabolizing the carbamates stulied. The broad substrate

specificity of the cell-free extract is cxiipatibie with the versatility daion-

strated by w1~~1e cells on various insecticidal cxxpounds.

Determination of metabolic breai~1own products of orgarxçbosç~ates. than-

ical aid enzymatic hydrolysis of organo~*iospborus cxrrpounds generally results

in the fo~~~tion of an ionic dia]Jcyl (thio)phosphorus ester (5,37,41,47). ‘lt~

determine if sud~ ionic dia lkyl esters ~~re formed by P. pitida and P9eu&zttnas

7, the cell-free extracts were analyzed. After derivatizing a saipl e with

and extracting with ethyl acetate, aliqu ts of the sa~p1e were analyzed in the
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TABLE 9. Specific activity and substrate specificity of cell-free ex-

tracts1 of Pseixb1cnas 44.

2Specific activity on various substrates
N source in 

— 
(~.un substrate disappeared/inin~~~ protein)

grcMth mediun Baygon Carbaryl Car~~l ?~ suro1 t~~t1xi~j 1

(NH4 ) 2S04 0. 11 0. 08 0.1 3 0.05 0.09

Bayga-i 1.98 1.77 0.36 0.39 0.11

Carbaryl 1.71 1.80 0.45 0. 29 0.06

Boiled extract3 0. 05 0.10 0.09 ~i.08 0.04

Pronase-treated
extract4 0. 06 0.12 0.13 0.07 0.05

1Partially purified by (NH4) ~~~~ 
protein concentration: 300 j ig/mi.

Incubated for 45 h at 29 C.
2lniti al ~~~centration: 100 j ig/mi.
3Boiled for 5 m m .
4Pronase coexentration: 15 j ig/mi. Hunters fran boiled and pronase treat-

n~~ ts represent mean of values cbtained with extracts of (NH 4 ) 2SO4~ , baygon-,

aid carbaxyl-grc~n cells. Substrates in sterile buffer had a mean disappearance

of 6 j ig (6% of ini tial ~~ ic. ) in 45 h.

• -_ -
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GLC using FPD . The ret ention t imes of netabolites were cxuparei to ret ention

tines of dinethy l phosphate, dimethyly thioç*x sphate , diethyl phosphate , aid

diethy ]. th.iophosphate.

Of the 8 organophosphorus insecticides sttdi ed, 7 were cxzwerted to an-

ionic dialky l (Table 10) . Dinethyl phosphate was liberated fran azodrin and

dylox; dimethyl thiophosphate fran malathi on and orthene ; diethyl phosphate

frau diazirKi n; aid diethyl thiop hosphate fran dasanit , diazirKzI , aid (ethyl )

parathion. Vapona was not cxxiverted to ionic esters. ‘fle liberation of ionic

diaiicyl (thio)phosphates irdicates that , at least in P. putida arid Psei.da~~~as

7, the metabolic pathway of organophosphorus netabo1i~m is similar . ‘fte data

su gest also that the cell—free extracts ~~~tain a phosphatase (phosphotri-

esterase) responsible for the cleavage of the ionic dialkyl phosphate ester .

Since P. putida aid Pse~~~xnas 7 liberated ionic diakyl phosphate and

thiophosphate cxzi~x ds , an experiment was axiductal to determine if these

t~~ organi~ ns could metabolize representative dialkyl phosphate esters . The

basal salts medium was amended with 0.2 nt4 phos~~~rus as trimethyl phosphate

(1Y4’) , dimethyl phosphate ([~~~) ,  dimethyl thiophosphate (EMFP) , trixnethyl thio-

phosphate (~ .frP) , triethyl phosphate (TED) , diethy l phosphate (DSP) , diethyl

thi phosphate (DE~~’), triethyl thiophosphate (TE’PP), or tri-n- butyl phosphate

(~~P).  No gzwth occurred with DMP , D~~, [fliP , D~rP , ~L?’fl’P , or T~~P (Fig. 6)

(Psetdci~~ as 7 data not s~~~n ) .  }bwever , with ‘INP, TEP and ~IBP, both organi~~~
grew arid reached optical densities of approximately 1.3, 1.2, aid 1.0, respec-

tively. The inability of P. putida and Pse~~~mrzas 7 to metabolize E1.IP, [*P ,

CflFP , DE’i’P, Tt’~ P , or TE’rP suggests : (a) that ionic phos~*x rus esters cannot

be used as P source, arid (b) that carçx *inds with suLfur are toxic to the or-

ganiai~ .

—.--— • -• _P._.—_—_—._
~ 

— - - - • - •———
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TABLE 10. Production of ionic dialkyl (thio) phosphorus esters fran

various organophosphorus insecticides hy Psetxkx~onas putida

aid Psetxb~~nas 7.

Ionic dialkyl phosphorus ester
Dimethyl Dimethyl Diethyl Diethyl

Insecticide phosphate thicphosphate phosphate thic~~ osphate

Azodrin + - — -
Dasanit — - - +

Diazinon - - + +

Dylox + • - - -
Malathion — + -

Orthene - + - -

(Ethyl) parathion — — — +

Vapona - - - -

Syntols : +: present ; -: not detected

-
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Fig. 6. Grc~ th of Pseoda~~ias putida using various substrates

at 0.2 nfl as sole phosphorus source.
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C. DISCUSSICV

Bacterial isolates were obta ined that axild use a variety of organophos-

phorus and carbamate ca~~ounds as their sole sources of P and N , respectively .

The P substrate-metabolizing organisi~ were identified as Pseuckm~as put ida

arid Psei~~~x nas 7 , while the N substrat e-cmetabolizing organi~ n was identified

as Psetdczonas 44.

P. putida and Pseu&zirri as strains 7 ar id 44 utilized the insecticidal can-

pounds as sole sources of P or N and were not utiliz ing either inorganic P04
or NH4 as P or N sources . Stud ies of resting cell suspensions of these orga-

nL~~~ indicated that the breakdc~ n of diazin on, malathion, baygon, and carbaryl

was enzymatic (rather than ch~nical) and resulted fran both induced and con-

stitutive enzymes. Adaptative arid constitutive enzyme systans have been pro-

posed as mechanians for the development of effective pesticide-degrad ing soil

popilations (32) . Numerous articles in the literature report soil microorga-

ni~ ns active in degrading organophosphate and carbanete (5,6,9,14 ,25,28 ,32,34 ,

37 ,40,41,47) .

The partially purified cell-free pr sparatio n fran P. putida and Pseu3.atx~ias

7 grcMing on KH2PO4, diazinon , and malathion as sole P source had a bro ad sub-

strate specificity and metabolized other organophosphorus insecticid es. This

broad substrate specificity is in line with the versatility of the organi~ ns

to metabolize various orgaix~~~sphates. The specific activities varied fran

0.23 to 2.01 ~jM substrate disa~~earanceJ~nii~~v~ protein. In general , tie ac-

tivity for both organophosphates arid carbamates correlated with tie extent arid

rate of gr~ ith of whole cells using tie correspading substrate as a P or N

source. ~~en metabolic stiiiies ~~re cxriducted with the organoçthos~*x rus a~n-

pounds, various ionic dialkyl (thio) phoaphate esters ~~re found, Indicating
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enzymatic hydrolysis at the aryl P-C bond. This view is supported by var ious

reports in the literature (6 , 14 , 20 , 21) . The enzyme specificity for other in-

secticides was less influenced by alkyl substitut ions on the phosphorus ata n

than by artinatic ring substitution or changes.

The ability of cr~.ide cell-free extracts (der ived fran a bacteriun using

ore organophosphate) to act on a nunber of substrates has been d~ i~~ strated

by Munnecke (44,45). He noted that a cnxle enzyme preparation fran a mixed

culture giwing on parathion had a broad substrate specificity for other or-

ganophosphates. Aitluigh he did not conduct sti.xiies to identify the metabolic

products , he believed that enzymatic hydrolysis occurred at tie aryl P-C bond.

Thus, the literature concern ing organophosphate netabolite production by cell-

free extracts is scare.

The broad substrate specificity of cell-free enzymes was evident with

carbamate *xnix*mds also. Induced enzymes fran baygon— and carbaryl-grown

cells da cnstrated specific activities ranging fran 0.29 to 1.98 jiM substrate

dis~~eared/inin,~~ protein for baygon, carbaryl , carzol, and nesurol. Cell-

free enzyme extracts fran a rnzrber of adapted microorganisns have been shown

to degrade various other pesticides of the saime class. Thus, the cr~xie ex-

tract of Arthrcbecter sp. grown on 2 , 4-dichlorcçhenoxyacetic acid hydrolyzed

a wide range of related chlorinated phenols (38) . Kearney (33) purified an

enzyme (fran Psen~~~~~as sp. grown on isopropyl-N- (3-chlorcçlenyl) carbamate)

which hydrolyzed related phenylcarbamates and several acylanilide herbicides.

thgelhardt et al. (18,19) using Bacillus sphaericus grown on tie phenylurea

herbicide, linurcm, fcwd that induced cells produced an ecylamidase capable

of hydrolyzing several other plenylureas arid acylanilides. T!uis, many soil

microorganians ds~a~atrate a versatility in metabolized various classes of

pesticida]. ocmçourids.
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One of tie pr inciple clenical reactions mediated by soil microorgan isnts

for the break~~~n of organophosphates and carbamates is hydrolysis (5,9, 37,

41, 47 , 52) . Pestic ides which are attacked initially by a hydrolytic nechanisn

are relative ly short -lived in soil (5 , 9 , 47 , 52) . Generally, three enzyme

classes are involved in this hydrolysis of amide and ester linkages : carboxy-

esterase arid phosphatase for organoplosphates (Table 11) , and carb oxy-esterase

and amidase for carb amates (Table 12) .

Although carboxyesterases are the pr inciple enzymes involved with many

organcç~osphates (6 ,12,20 ,24, 25 ,28, 40, 47) results of the present study suggest

that the cell-free extracts fran P. putida and Psei.üx~nas 7 contain specific

phosphatases, or nore correctly pi-ospholipases or plosphotriesterases , since

phosphatases are not active against phosphorus triesters and pre fer phosphates

rather than phosptorothionates as substrate (43) . }~~ ever , Heuer et al. (30 )

showed disappearance of guthi on, parathion, pyrimiphosnsthyl catalyzed by acid

The plosplz lipases may be intimately involved in the initial attac k on or-

ganophosphates arid thiophosphates by microorganians (14) . These enzymes could

have appreciable significance in the hydrolysis of organoplosphates in natural

envi~~ii~~~ts, especially in soil , since it has recently been slu~n that phos-

plolipase production can be a major characteristic of soil actinanycetes (36) .

The prenise that phospiolipases are involved in the initial hydrolytic attack

on organcçhosphorus insecticides is fwther supported by the fact that plospho-

lipases can act at tie supersubstrate interface of zu~-water-so1uble substances ;

in fact , hydrolysis rates for water-soluble substances are often imicl i slc~~ r (7) .

Phospholipases may have further invo1va~~~t in organoplosphate hydrolysis reac-

tions, since the activities of $QTE carbrccyesterases arid phosphotriesterases

greatly reseTble the activities of certain phospholipases (14 , 49) .

• _ _ _
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TABLE 11. Generalized structure arid degradation of organophosphorus

insecticides .

(I~))2
P(O)Z

P~~sphorothioate Phosphate

R: cu 3 or C2H8; Z: leaving group

(~~ )2
P(S)~~ -~ (IO)

2
P (O)QX Activation

(~~ )2
P(0)SX -, (10)

2 P 
(0)(1~ + HSX Plosphatase

(10)2P (S) Ox (10) (OH)P( S)OX Dealkylation

I~ XX *1 + R ’~~ Carboxyesterase

—
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TABLE 12. Generalized structure and degradation of carbamate insectic ides

cu3 (R flCJOX

H or Cu3; X substituted phenol or a heterocyclic or ar anatic enol

CH3 (R)i&~O(X ) + cu3 (R) ~~~X~I + XOH Carboxyesterase

cn3 (R)NcOOX -‘ H~~~~X + G1
3

(R) NH Amidase
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Since it is generally accepted that phosphorylated cx zT~ounds ~~ rot pass

freely thi gh cell mathranes , I~ ckman and Heppel (51) concluded that the hy-

drolysis of non-penetrating nucleotides was by enzymes located external to

tie cytopla~ nic n~ thrane. The cell wall ~~uld be a logical locale for phos-

pholipases, especially in gram-negative bacteria , since the wall contains lipo—

polysaocharide arid p~xepho1ipids in which covalent bonding (i.e •,  triesters )

may be pr~ k~ninant (16).

The criterion for substrate specificity by the crude enzyme extracts in

this r~~ort was tie disappearance of the substrate. Coincident with this dis-

appearance was the appearance of the ionic dial ~cyl (thio) pho~iphate particular

to the orgar~~Iosphate studied . 1~e presence of these ionic dialkyl phosphates

suggests a similar pathway of degradation in P. putida arid Pse~x~~vnas 7 via

hydrolytic attack on the parent cxm!~ound. Since pesticides that undergo

initial hydrolytic attack are relatively short-lived in soil (5 ,9,37,47,52) one

can say that orgar~~ hosphates (and carbamates) have a 1cM persistence in the

envircnnent. Althcxagh this c~~ ervation is generally correct , one cannot be

lulled into a sense of xvplacency, for,with the hydrolysis of organcphosphates~
cat~s tie acci~rulation of the respective ionic dialkyl (thio) phosphate.

Although rI4P, DfP , I1fl’P , arid DE’TP ~~re found as metabolites of the van-

ous organc~*oaphates studied , neither P. putida nor Pseiidcmonad sp. 7 could

utilize [lIP , IZP , [MW, DE’I+, IWIP, or ~~1’P as sole phosphorus source . In

~~~trast , ~~1fenden arid Spence (59) reported tie isolati on of an flfterobacter

~~rog~~~s that could utilize [lIP , )xit only as a sole phosl*orus s~ irce . This

is the only report of utilization of an ionic dialkyl phosphate by a defined

micxthia l culture. Although the purity of tie culture was suspect or miy ~’i,

others have reported instances of dlaBcyl 1*osphate utilization , bit only as

a sole phosphorus sairce (3,9,27,28,59, Tiedje , J. M. 1966. M. S. Thesis,

Cornell University) . Fk~~ ver , similar to the present study , rote of these

V _ _ _
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investigators could d~ ionstrate the utilization of an ionic or nonionic alkyl

thicçhosphate as sole plosplorus source . Many thioplosphate cxxrpounds are

kr~~ n inhibitors of plosphatases (14 , 57) .

The results indicate that ionic and ronionic alkyl thioplosphates (and in

sane instances ionic dialkyl phosphates ) are exceedingly stable , rot only to

clunical hydrolysis, but also to attack by highly acclimated organop hosphate-

uUliziz~ bacteria . The inability of P. putida and Psetx1~tonas sp. 7 to metab-

olize ionic dialkyl phosphates ar id ionic and rs:x~ionic alkyl thioplosphates was

pr tha bly due to the lack , inaccessibility , or inhibition of a suitable pFospho-

diesterase or plosplotniesterase and the toxicity of the substrate . Thus , the

break&*’in arid disappearance of the organophosphate parent cxz~çound could gene-

rate enorn~~is ano~mts of potentially highly recalcitrant ionic dialkyl plos-

phates and thiopi~ sphates in the envirorinent. In addition , these t xxc!~ounds

are used in very large quantities in several industries (14) .

Although phospFodiesters occur naturally (e.g. , nucleotide macraiolecules

arid pkospholipids (47) arid are assimilated by mi~~~organians, little less is

krx~’in about tie man—made alky]. phosphates which are potential (and real) prod-

ucts of their parent organc4*osphorus insecticides. Ionic dia]kyl phosphates

arid especially thioptoephates are exceedingly unreactive and highly unusual

nolecules to living organia~e (17,23,35,46). They are rot without toxicity to

eucaryotes. Sane ionic dialkyl. phosphates are quite toxic to fish, either sing-

ly or synergistically with the parent oczçxxuid (4) and to rats as an antic tolin -

esterase agent (53). Plants have been st~~ n to assimilate and convert ionic

dialkyl phosphates to clolinesterase inhibitors (22 , 48) .  ‘11w plotolysis of

certain organophosphates arid ionic dialky]. plosphates can yield trialkyl phos-

phates that have been skr ~*vn to be potent potentiators of the toxicity t~ Qard

warm -blooded animals by orgar~~ hoephates which contain carbox ylic ester gr~~~s

(26 ,29, 50, 57) .

V V — - 
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In view of these results and the fact that many orgarophosphates undergo

hydrolysis to yield tie pLosplodiesters, concern about the envirornnental fates

of these ionic alkyl phosphates and thioç*osphates seans justified. }kMever ,

surprisingly little is krx~’~n about their potential fate in nature. In addi-

tion , these results further support the idea that pesticide “zonpersistence”

is too often equated sinply with “disappearance” of the parent cxi~~ound (31).

The pesticides examined were chosen because of their diverse dialkyl phos-

phate noiety and because many of then (both orgarophates and carbamates) are

allrrg the nost carmily used insecticides in the United States (58) . Thus,

the cell-free extracts used in this st~.x1y can hydrolyze an in~ortant portion

of the marketed insecticidal cxmpourids. ~~o little ~~rk , however, has been

done concerning substrate specificity of induced or constitutive enzymes

ta&ar d different chenical classes of , as well as structurally different , pest-

icides . The choice of a pesticide that serves as inducer is irsportant since

the pesticide will str ongly determine tie specific activity as well as the

synthes is of the enzyme(s) for various other pesticides . For practical and

envir onmental reasons , it would be advantageous to J~~~~ if one pesticide will

be metabolized by enzyme (s) ind~~~d by the presence of a different pesticide .

- - — ~ V~~~~
___V -
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on the parent txzpound by phosphatases.
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